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ABSTRACT
The effect o f a series o f classical nucleating agents upon the nucléation and mechanical 
properties o f anhydrous borax (AB .N828407)  glasses and glass-ceramics have been 
investigated. These results have been compared to those obtained for NaCl-doped compounds 
and a commercial 0 *-Al2O 3 ceramic to examine the applicability o f haloborate glass-ceramics as 
a solid electrolyte in rhe. High temperature sodium-sulphur celL
The nucléation o f these materials was found to be predominantly surface oriented. A  
new technique has been introduced to increase the number o f surface nucléation sites.
Direct and indirect structural comparisons o f these materials have been carried out 
using X-ray diffraction and infra-red and Raman spectroscopy. Results from the Nad-doped 
materials have tentatively indicated that the chlorine atom plays a direct structural role. Subtle 
modifications to the. structure are thought to results in previously determined high ionic 
conductivities.
A  variety o f  techniques have been examined for the measurement o f  ionic conductivities 
based on time and frequency domain spectroscopy. A  frequency domain measurement system 
has been designed and built and a computer program written to analyse the acquired data. 
Equipment exploring a complementary technique based on the multiple disc stacking 
arrangement postulated by Tubandt has been built. Results from these two techniques appear
promising
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CHAPTER ONE 
INTRODUCTION
One o f the chief areas currently attracting a great deal o f commercial attention is that of 
the production and efficient usage o f energy, a consequence o f the numerous predictions o f the 
limited extent o f remaining fossil fuel resources. The notable options for future provision of 
electrical power that have been developed so for fall into three main categories; "clean’ 
discontinuous sources such as solar, wind and tidal power, "dean* continuous sources, inducting 
geothermal energy and also proposed nudear fusion power stations, and finally the arguably 
"dirt/ continuous nudear fission plants already in use. However, all o f these choices suffer from 
an inability to respond rapidly to consumer demand, which changes sharply depending on time 
o f day and season. Consequently, a "spin-off from this intense research programme has been to 
investigate, optimise and commercially produce a means o f energy storage that can be employed 
simply and efficiently on both a short- and long-term basis. The principle o f "load levelling" is 
illustrated in Figure 1.1.
Just as there are many new and diverse forms of energy production, so there are equally 
diverse storage mechanisms, including fuel cells, gravity feed liquid storage tanks, and direct 
electrical storage in electrochemical cells. Each technique has its own particular problems: fuel 
cells with storage and controlled release o f potentially explosive chemicals; liquid storage by 
limited sites which may have other uses; and electrochemical cells by electrode/electrolyte 
degradation and containment. Therefore, it would appear most promising in the long term to 
concentrate effort on a fuel cell/electrochemical cell system, and attempt to solve technological, 
rather >h«i environmental and ecological problems.
Although both types o f cell require materials that are cheap to manufacture, economic 
to operate and durable throughout several hundred charge and discharge cycles [1], it is to the 
electrochemical power sources which wc shall now devote our attention.
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Figure indicates reduced 
dependence upon fossil fuels  
by s t o r a g e  o f  o f f - p e a k  
electr ical  power.
Probably the easiest starting point is to examine the electrical efficiency o f a variety of 
cells. This is displayed graphically in Figure 1.2, which shows specific power (energy release rate
and experimental storage systems. It must be emphasised that this is only a general guide, since 
other factors such as rate o f open circuit discharge (length o f time taken for a cell to discharge 
without any external loading, caused by electronic, rather than ionic, charge transfer between the 
electrodes) have not been considered. From the figure, it can be seen that there are cells having 
values o f specific power and specific energy superior to the lead-add batteries currently adopted 
for general domestic and industrial usage. These cells are o f the liquid electrode, solid 
electrolyte type. Here, the mobile ionic spedes can pass through the solid electrolyte with 
similar conductivities to those observed in analogous liquid electrolyte cells. These materials, 
which have only been investigated for the past thirty years or so, are known as fast ion 
conductors (F IC s). These cells usually operate at elevated temperatures (typically 300 - 400°C), 
to benefit from a higher electrolyte conductivity, as well as to melt the electrode materials.
Much o f current industrial interest is directed to the lithium and sodium-based cells, 
due to the high relative abundance o f  the constituent materials. Historically, however, it was the 
announcement o f the Na-fJA^C^ solid electrolyte in 1966 by the Ford Motor Company in the 
United States [2] and the ensuing research programme that revolutionised the design and 
fabrication o f high-temperature cells and sparked o ff the recent research drive by many groups 
in Europe, the USA and Japan. The main interest is the Na-S cell, which is illustrated 
schematically in Figure 13.
In spite o f  the apparently ideal suitability o f  Na-0A l2C>3 as a solid electrolyte material 
from the point o f view o f high Na ion conductivity, low electrical conductivity and high 
mechanical strength, the cell itself is still in the developmental stage due to the associated 
materials problems, namely degradation from both liquid sodium and sulphur, and sodium
diffusion at the interface, leading to
problems are, however, being slowly overcome.
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One problem was the formation of high tolerance tubes on a production line basis. An 
early technique was that o f slip casting [3]; the mixing o f fine-grained sodium aluminate powder 
(Na2 0  +  A I2O 3 14QQ*£ N 11A I2O 4)  and 0C-AI2O 3 with liquid to form a slurry, which was poured 
into a mould and the liquid evaporated o ff before firing at 1450* C  to sinter the final product. 
This resulted in the formation o f  pores, and also o f regions o f inhomogeneous thickness, leading 
to "hotspots" in the prototype versions and thereby accelerated failure. The current production 
technique employs Hot Isostadc Pressing (H IPing) [4], which yields a higher proportion o f 
better quality tubes. However, the process of electrolyte degradation is still not fully understood 
[5], and therefore cannot be overcome with the same degree o f ease as tube production.
An alternative solution to this problem is to develop another electrolyte material which 
has a reduced susceptibility to Na ion diffusion and chemical attack. One group o f materials 
which have been the subject o f considerable experimentation are sodium borate- based glasses 
[6, 7], but these have not been commercially exploited due to their reported low ionic 
conductivities. However, in a recent piece o f work, Badaoch [8] showed that devitrified 
halide-doped borax-based (Na20 .2B203)  glasses appeared to exhibit higher ( -  x 1(P ) 
conductivities than that o f the base glass. This was verified to an extent by Daniels [9] who 
carried out more systematic studies o f this glass system.
A  necessary extension o f this exploratory work is to develop and categorise these 
materials more fully so as to optimise their technical and commercial viability. The advantages 
o f a glass-ceramic based material are that subtle changes can be made in the chemical 
composition o f the parent glass, which can produce quite remarkable physical property 
variations upon devitrification. Generally, lower melting temperatures are possible, thereby 
reducing initial preparation cost. Furthermore, more versatile casting techniques provide a 
route for less complex tube production, with the possible incorporation o f  a blocking graded seal 
to reduce sodium ion diffusion and the attendent interfacial cracking at the «-alumina seal 
Finally, if one o f the models for electrolyte degradation is correct, namely precursor crack 
growth from pockets o f liquid sodium trapped in the intercrystalline voids present in 
g-alumina, then the lower porosity o f a glass-ceramic could appreciably reduce this problem.
enhancement on a structural basis, and 
to assess their applicability for usage in
CHAPTER TWO 
REVIEW
-  5 -
2J M ATERIALS
The definition o f a ’ glass’ , or more generally an amorphous material, is problematic for 
reasons which are reflected in its many diverse uses in science, engineering and art, Le. its 
immense versatility in production, appearance and usage. Previous attempts at definition have 
been based on the atomic sizes o f constituent elements [10] and on the lack o f long-range order 
on the microscopic level as evidenced by the diffuse haloes obtained from X-ray diffraction 
(X R D ) patterns [11], but in all cases the entire range o f compositions cannot be shown to be 
glassy by performing a single experiment One o f the most quoted definitions was proposed by 
the American Society for the T iering o f Materials (AS TM ) in 1945, that ’glass is an inorganic 
product o f fusion which has cooled to a rigid condition without crystallising*. This excludes any 
organic glass systems and the spectrum of compounds that can be formed by methods other than 
melting, e.g. by vapour deposition. The problems associated with an accurate definition have 
been expounded by McMillan [12]. The most recent definition [11] is discussed later (section 
2.2.2.33).
On the basis o f the above definition, however, certain o f  the general properties o f  glassy 
materials can be qualitatively interpreted by comparison with other technological analogues.
Since there are no crystalline grains present, there are no grain boundaries (hence the 
transparency o f a ringlr. phase glass), thereby eliminating their contribution to mex-haniral 
failure. This is observed in practice, since pristine glass has a high mechanical strength until 
surface flaws are externally introduced, either by corrosion or by abrasion [13]. Similarly, once 
these flaws are present and the glass is strained, at some critical stress value the crack will 
extend unimpeded and break each chemical bond in its path individually, which will require 
approximately the same force throughout, and so will propagate very quickly. For this reason 
glasses exhibit fast* or "brittle” fracture characteristics.
6If, however, a ceramic material having a high density o f  small crystallites connected by a
low proportion o f residual glass is considered, and the bonding between the glassy and
through this composite; the crack having to ’start’  and 'stop* on a microscopic level to overcome 
the different critical stresses
The way in which other properties o f this agglomerate d iffer from those o f glasses may 
also be interpreted from this viewpoint.
For example, in a crystalline material, ion transport is inhibited in general by the small 
free volume present as a consequence of the inherent periodic arrangement; Le. the number o f 
vacant sites and the routes an ion may take to reach them are low  The corresponding glass, 
however; by virtue o f the more 'random' atomic arrangements, produces a strained network 
having a higher net interatomic separation and thus larger 'channels' through which ions may 
pass more easily It must be remembered that this size criterion alone is not sufficient to obtain 
high measured conductivities, as shown by a series o f numerical calculations o f structure 
oriented electrostatic interactions in FIC materials [2], although the above description does 
allow for a broader distribution o f channel sizes and hindering barrier heights which increases 
the likelihood for optimum transport conditions to be obtained within the network as a whole.
Additionally further conduction pathways are available within a polycrystalline material, 
either along the linking grain boundaries or through the residual ÿ » «  phase.
Within the constraints o f this presented concept, it is therefore unlikely for the 
conductivity o f a polycrystalline compound to exceed that o f  a glass o f equivalent composition 
since the distribution o f optimum conduction pathways will be lower over macroscopically large 
distances in the composite. Moreover; the effects o f "blocking* channels having conductivities
crystalline phases.is:strong, then.a
superior to those in the glass by large immot 
majority charge carriers will be more marked.
7I f  the crystals can be grown from a large number o f  evenly- dispersed nuclei within the 
glass matrix in a controlled fashion, then the final product is termed a ’glass-ceramic’  [12], which 
ran be engineered to a specific requirement by changing parameters such as crystal phase, 
volume fraction and grain size. If, however, crystallisation occurs from relatively few nuclei, then 
this is termed uncontrolled devitrification and the end product is not, in general, as useful as a 
glass-ceramic. An  alternative production technique is to obtain crystalline powders o f  the 
required particle size distribution and heat them at a fraction (~  2/3) o f the measured liquidus 
temperature (the temperature below which a single liquid phase is thermodynamically unstable) 
and diffusion o f various species will occur, leading to fusion o f  the crystallites [14]. (An  
alternative may be to heat above the solidus [3]). This is known as sintering and is generally used 
for high melting point composite materials, or where a high proportion o f crystal is required. 
Typically a glass-ceramic will contain 5 -10% glass by volume, and a sintered ceramic <■ 2% [12]. 
However, articles produced by sintering will, by the nature o f the process, contain "voids’ 
between the crystallites which constitute porosity and exhibit enhanced corrosion rates when 
used as a solid electrolyte [15]. A  more detailed comparison o f these three types o f material is 
given below in terms o f measurements that can be and are made on both a commercial and 
scientific basis.
2.2 TECHNIQUES
2.2.1 Conductivity
2.2.1a M «-h »n i«nc
Electrical conduction occurs due to the cooperative movement o f either electrons or 
ions under the influence o f an applied potential gradient. The ease with which this transport 
process is effected is reflected in a high measured conductivity value. Typical results for a series 
o f material classes are shown in Table 2.1, together with the presumed predominant conducting 
species. However, compounds possessing comparable contributions from more than one type of 
charge carrier, known as mixed conductors, are known to exist [16].
Table 2.1 T yp ica l C on d u c tiv it ie s  fo r  a S e r ie s  o f  M ateria ls
Conductivity values are usually temperature dependent, thereby requiring the presence 
o f an additional quantity (the Boltzmann activation energy) to effect a complete description o f 
the behaviour o f a linear, macroscopically homogeneous, isotropic specimen. For materials not 
fitting this description further parameters may be  introduced to take note o f harmonic, 
directional and localised composition effects respectively. Furthermore, in all cases except 
metals, (where a higher temperature corresponds to  increased phonon densities in the lattice, 
and hence greater disruption o f the periodic potential wells through which the electrons travel) 
an increased conductivity is measured with increasing temperature as more potential charge 
carriers are excited to higher states.
Since the electronic transport in the majority o f  solid materials is now described fairly 
accurately by theoretical models backed up by a substantial database o f high-quality 
experimental data comprising a wide variety o f specimens, electronic conduction will be ignored 
in the following review by limiting future discussion to  materials which have a large electron 
band gap ( »  ionic activation energies). A  preliminary introduction to the theory and experiment 
o f electronic conduction in solids can be obtained from the references cited for metals [17], 
semiconductors [18], and dielectrics [19].
In general ion transport is not easily measured in ionic or covalent solids under ambient 
conditions, movement from their normal lattice sites only occurring via crystal defects. It is only 
at more elevated temperatures (a significant fraction o f  the liquidus temperature) that an 
increased defect population rm  produce more measurable conductivity values, and the mobile 
species can be thought of as a fluid passing through a  lattice "sponge*.
There exists a group 
than the liquidus but above i
exhibit this property at temperatures much lower 
tic transition temperature. These materials are
known as fast ion (or superionic) conductors (F IC s). Interestingly, they all appear to exhibit a
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correlate remarkably well with a theoretical value o f  the specific heat calculated on the basis o f 
no low-temperature phase transition [20].
The transport mechanisms postulated fo r  FICs do not rely on semi-quantitative 
arguments involving enhanced defect concentrations but on the presence o f conducting 
'channels' throughout the crystal, and have not, except in rare cases where a great deal o f  high 
quality structural work has been performed, been fully explained [20]. From these few 
proposals, it seems apparent that no simple theory will be able to encompass all the observations 
and specific structural interpretations made from  the ever increasing number of mono- and 
multi-valent anion and cation conducting systems that exhibit this remarkable property. 
Therefore, it is felt that each system must be treated essentially individually for the present time.
In an attempt to state our principal structural requirement for a highly conducting 
material, it seems reasonable to require the compound to possess as many highly 'conducting 
channels’  as possible, both to pass ions through the matrix, and (in  a polycrystalline solid) to 
increase the probability o f transference from one “channel* to another between grains. A s  an 
example o f the materials investigated so far, M cGeehin and Hooper [21] review the 1, 2 and 3 
dimensional conduction paths for a selection o f  well-known FICs (e g .  the tungsten bronzes, 
0 -AI2O3 and A g l) and tabulate their conductivities for comparison.
The conduction process may be understood by reference to  a simple theory o f  ion 
conduction [22]. Figure 2.1a indicates a distribution o f potential wells that a would-be mobile 
ion carrying charge Ze may face in a perfect 1-dimensional crystal with no applied electrical 
potential. The transport is thermally activated and is proportional to the Boltzmann factor 
exp(-E/kT), where k is the Boltzmann constant and T  is absolute temperature. In Figure 2.1b, 
the height o f the barrier has been effectively lowered by an amount (Zeed )/2  in the direction of 
the applied field e, thereby leading to a net flow o f  ions from A  to B.
When correlation effects are observed in ionic motion (Le. the change in the field 
surrounding a potentially mobile ion when a neighbouring mobile km has "hopped* to leave a 
vacancy), information about the mechanism can b e  obtained from a comparison o f chemically
En
er
gy
(a)
Oo>
<c>
F ig u re  2.1.
□ne-dimensional p o te n tia l  
b a r r i e r s  in a simple model 
o f  ionic c o n d u c t iv ity .
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and electrically-determined diffusion constants D. This is parameterised via the Haven ratio 
H r , provided as a correction for this correlation o f ion movements observed under the influence 
o f an applied electric field when compared with chemically-driven radioactive diffusion 
experiments via a modified Nernst-Einstein equation [23]
where Oj, nj and are the conductivity, number density and charge associated with conducting 
species i in the material under investigation. In general. H r  varies between 1 (for no 
correlation) and 0.6.
Now assume that the 'mobile* ion has a residence time r Q in a given well, and the time 
o f flight to the next well is r  j .  This leads to two extreme cases:
1. r 0 »  r  j ,  and the ion movement is occasional Le. solid state behaviour,
2. t  j  »  r 0, and transport occurs virtually all the time Le. liquid-like behaviour.
In both cases the surrounding lattice has to accommodate these movements, and this is 
the basis o f an alternative kinetic theory developed to explain F1C [20], its success stemming 
from the inability to model liquids in a more rigorous and meaningful manner.
The potential barrier model can' also qualitatively explain one further relevant 
observation; that o f measured conductivity in a glassy material being higher than its 
polycrystalline analogue in many cases ([24], section 2.1). In this instance, it is reasonable to 
assume a random distribution o f stationary ions, and hence o f  potential barrier heights (Figure 
2.1 c ) in an amorphous material having a lack o f long range order, and that mobile ions will 
ultimately pick the route through the barriers having as small an activation energy as possible, 
thereby showing the higher measured conductivity value. The reported exceptions are due to the 
rejection o f alkali ions by the crystal phase into the residual glass upon conversion to the 
glass-ceramic [24]. This produced an exceptionally highly conducting glass matrix, thereby 
leading to a spurious result in the overall measured conductivity.
( 2 .1)
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Finally, the temperature dependence o f ionic conductivity also seems to present a 
further complication to the theoretical description, in that it does not appear to follow predicted 
trends accurately. Jain [25] has examined the fit o f conductivity values for several alkali borate 
and silicate glasses to four expressions, o f which only three were reported to have any theoretical 
basis. The published findings indicate that a two parameter fit, not surprisingly, gives a smaller 
least squares difference than a single parameter one; the second variable being explained as a 
measure o f the width o f the (Gaussian) distribution o f activation energies in the materials. 
However, the figures presented in this work to illustrate the "goodness o f fit", by plotting the 
relative difference between theory and experiment (the "mismatch function") as a function o f 
reciprocal temperature show similar features, as illustrated in Figure 2JL The effect o f the 
different theoretical expressions upon the "mismatch function" appears to merely change the 
magnitude o f the discrepancy and not the shape. This indicates to the author that there may be 
a previously unobserved additional structure-based contribution superimposed upon the base 
conductivity variation which may require explanation in future theoretical expressions.
2-2. lb  Dielectric relaxation
Having considered in a generalised summary the way in which ionic conduction occurs 
in materials, it would now seem appropriate to illustrate charge transport on a more physical 
level as a precursor to measurment, to aid in deciding upon the type o f experiment to  be 
performed, and the information that may be obtained therefrom.
Following the route taken by a standard text [17], the assumption is made that a (single) 
relaxation time can be defined, and then the effects of supplying a static and alternating electric 
field to the material under test arc expressed on a more Tnnth^.mafiral basis.
The concept o f the relaxation time t  is introduced as a measure o f the rate by which the 
charge polarisations present respond to  changed in the applied field. I f  changes in the applied 
field occur in times smaller than r ,  then the charges will be unable to  "follow* the field; but will
in time greater than r .  It is the ii
2 o «  Tmexp(-E/kT)
H------k H----- mr-H
4 *  o « e xp (-E /kT )
- t — i-----------1-
r ig u t  2.2. Illustration  of the siasatch functions obtained 
fo r different theoretical f its  o f concuctivity 
data. (After Jain L25J).
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performing material categorisation. That a single relaxation time can be inferred from 
experimental data is another facet o f an old and much maligned concept; namely the deduction 
o f microscopic information from a
For the time being, it is to the dipolar source o f polarisation that we shall direct 
attention, since these are generally assumed to have the largest response times o f  the 
polarisation mechanisms considered by solid state physicists.
Upon application o f  a static electric field E, the "steady state" saturation dipolar 
polarisation will be given as P ^ ,  so the value o f dipolar polarisation P j  at time t may be 
tentatively expressed as
This equation may also be employed in the case o f an alternating applied field E  -
saturation polarisation will be time varying also, in that P ^ t )  will be the polarisation obtained 
for the instantaneous applied field E (t). Therefore the more generalised differential equation 
becomes
The "instantaneous" dielectric constant determined by the "fast* response
polarisations P (*») (due to electronic and atomic movements, for example), is now defined:
Pd(0 -  PdsO-e*t/T). (2-2)
oi, in differential form.
(23)
E0e)Mt if  the following generalisation is made: since the electric field  is now time varying, so the
(24)
P(") “ «(-)E (25)
The total polarisation may now be expressed as
pds "  ps - P ( - )  -  ( e (0)- (26)
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where e ^  is the "static' dielectric constant ( ix .  at zero frequency). Substituting (2.6) into (2.4) 
gives
Considering the steady state component only and substituting this into the definition o f 
the electric displacement D, we obtain
These last two relationships are known as the Debye equations. An equivalent result is 
obtained from a modified lattice dynamics-based argument [26].
lb  visualise the ramifications o f the above result, it would seem easiest to consider the 
effect o f  a periodic external field upon an ideal capacitor Simple a.c. theory provides the result 
that a current, determined by the capacitative reactance 1/uC, will flow due to a charge/ 
discharge process, and will "lead" the applied field by 90? In a practical capacitor the charge 
transfer from the polarisation charge will generate heat by a series o f  phonon interactions, which 
is equivalent to resistive-type losses. Since a current through a resistor is in plase with the 
electric field applied through it, the phase angle between field  and current observed in a 
capacitor will be less than 90 * by a material constant 6 .
^  - V «■to) • *(•)) “o®*"1 - *5*)* (2.7)
Solving (2.7), we obtain
Pd( t )  -  C c-Vr +  ^ e i « ‘ ( 2-8)
D (t ) -  e * E ( t )  -  e ( „ )  E (t ) +  P(t). 
e * is the complex dielectric constant, normally expressed as
(2.9)
e*  =  e ’  -je*. (2.10)
Combining (2.8), (2.9) and (2.10), expressions for e ’ and e" result
( 2 .11)
- 1*
Therefore, for a field E =  EqC]“ 1, the associated displacement within the specimen will 
be D  -  D0e j(wt*5 ) ,  where (90-5) is the measured phase angle. R o m  (2.9),
« •  -  p -u >
which may be decomposed via (2.10)  into
(2.13)
which is an equivalent form of (2.11). It may be easily shown that the energy loss is governed by 
e", hence the reason that sin6 is referred to as the loss factor o f  a circuit component. However; 
since tan6 =  e "/e ’  is more readily calculable, this is generally taken to be the loss factor; but is 
only valid for small values o f the loss angle 5.
R om  the above two proofs (equations (2.11) and (2.13)), it can be seen that an 
equivalence exists between a dielectric material and a parallel contribution o f a pure resistance 
and a pure capacitance. This results in a considerable simplication in data analysis, enabling a 
single relaxation mechanism to be represented by a parallel R -C  network, and following a 
simulation using this strategy the resistance and capacitance values obtained used to derive the 
dielectric constants for the material under investigation.
Z2d£___Measurement Systems
In order to report accurate and meaningful conductivity values for an 
ionically-conducting material, several fundamental difficulties have to be faced, and where 
possible, overcome. Ideally the "d.c.’  or steady state condition should be chosen to ensure that 
the measured effect is indeed due to long range ion transport and not simply to ions migrating to 
low barrier height potential wells under the influence o f an applied step voltage as described in 
section 2.2.1a.
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The principal conceptual problem is how the transition between the "pure" electronic 
conduction o f  the measuring systems’ connecting wires and the speculated highly ionic 
conduction in the specimen under test is effected. For the case o f  good charge transfer between 
electrons and ions (e.g. in liquid electrolytes such as C11SO4 with Cu or Zn electrodes), the 
region in which this occurs is referred to as the electrical double layer, since a "polarisation* 
effect arises from a depletion region in the specimen caused by charge conservation at the 
interface. The various situations arising at the interfaces in solid electrolytes have been analysed 
by Bergmann and Tannenberger (Chapter 11 in reference (23]). However, in the light o f our 
earlier assumption o f  a high electron band gap, this transfer process is further complicated by a 
space charge build up that has been discussed in some detail by Couturier et al. [27], «h o  also 
proposed a new technique for ionic conductivity measurement to try and overcome this problem. 
This comprises a four terminal measurement system shown schematically in Figure 23, with the 
central measurement electrodes "situated symmetrically in the bulk o f  the sample ... not too dose 
to the interfaces” to  measure the voltage within the specimen (presumed to be characteristic of 
pure ion transport) and the outer electrodes serving the dual purpose o f supplying the drive 
voltage and measuring current flow.
This problem is eliminated in more conventional experiments by using either a suitable 
intermediate electrode material* or modelling the effect and finally removing it numerically from 
the data obtained from a simpler measurement system, since the double layer appears merely as 
a capacitor (from  the effect of the depletion region).
S p e c a ie n
Figure 2.3.
Four-point neasurenent used to  ellnmate electrode 
e f fe c ts  m conductivity neasurenents.
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The second experimental difficulty now becomes apparent - the measurement o f the 
"dx." current. Because o f the slow tail-off following the rapid initial decrease in current after the 
step voltage has been applied, it becomes more difficult to interpret the steady state condition, 
and to  eliminate any noise from what may be a bona fide structural response. By this reasoning, 
the alternative strategy also in widespread general usage may be arrived at. This is to 
characterise the sample by making measurements over as wide a range o f  distinct frequencies as 
possible, and interpret the appropriate system behaviour before extrapolating the conductivity 
frequency dependence to zero (Le. infinite time) to obtain the "cLc." value. The equivalence of 
the two measurements is validated since the transport mechanisms in the low frequency limit will 
be similar to those in the "d.c." analogue. This technique is known as frequency response 
analysis (F R A ).
Whilst the advantage o f an increased signal to noise ratio from the use o f 
phase-sensitive detection is well-known [29], there is a strong disadvantage with this type o f 
measurement at the low frequency end o f the spectrum, specifically long times are required to 
perform measurements over a single voltage cycle.
Disappointingly, though, a good deal o f published data on glasses and ceramics only 
refer to  measurements at a single frequency, or worse, "dx.* values are reported which have 
been obtained by measuring the transient current some (generally unspecified, but presumed 
fairly long) time after application o f a step voltage [30-33]. In light o f the preceding discussion 
and results to be presented, the conclusions that can be formed from these works can only be, we 
feel, semi-qualitative when compared on an intrinsic basis.
In some of the remaining cases, the current decay as a function o f time is recorded, and 
this data subjected to a Fourier transform to convert from the time domain to the frequency 
domain for ease o f analysis.
This highlights one o f the remaining problems with time domain spectroscopy, namely 
that uncertainties arise in the frequency limits that can be assigned to  the transformed data.
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In order to obtain a valid step response by the method described above, the relaxation
fo r  a given conduction pathway) which occur in the specimen up to time r D must initially be in a 
fully polarised state. This implies that the specimen must be charged for a time r c  > t d , and 
this has to be determined for each specimen such that i ( r D)  *  ¡ ( t q ).
The above problem carries on over to the Fourier transform since all the relaxations 
should have decayed significantly at time r D to  permit valid assignment o f the corresponding 
frequency l/ rD. These difficulties have been reviewed in more detail by Hayward et aL [34).
Turning attention now to a.c. measurements, the data obtained is fairly easy to analyse 
conceptually compared to the difficulties outlined in the previous time domain overview The 
responses o f similar circuits to a sinusoidal voltage using ax. theory and a step voltage using 
Laplace transforms are presented in Appendix 1 to illustrate the relative simplicity o f the 
frequency domain expression and the need for Fourier transforms to aid interpretation o f the 
tim e domain data; the time domain current expressions being more insensitive to changes in R 
and C, thereby hampering attempts to extract the base component values. A  further difficulty in 
component determination is implied by the loss o f information in the time domain case, 
specifically the phase o f the current flowing with respect to  the applied voltage, having no 
mmning for an applied step function voltage.
One further point must be made when considering the results obtained from 
conductivity data, namely the effects associated with high applied potentials.
T o  illustrate the underlying physical principles, we shall initially consider a linear 
system. When subjected to a perturbation x(t), the response y (t ) may be expressed either in the 
form  o f a single nth order differential equation in y.
processes (Le. the by which ion transport attains its equilibrium value
■ * * > ♦  n & « * > ♦  ■ » £ « * > • * • . . .  « * >  -
(2.14)
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or a set of n first order differential equations.
Therefore, taking probably the simplest drive function, 
x (t) =  Acosiot =  R e (A e iwt),
j ( I )  -  Bcos(ut • 4 ) -  Rc{Bei(“ » ) ) .
I f  we now consider x to be the applied electric field and y the measured electric
showing the loss angle 6 introduced in the previous section to  be equivalent to phase angle
The assumed linearity condition is invalidated when the perturbing signal amplitude A  
becomes too large, since the higher order terms in the Taylor expansion for the change in y  for a 
deviation in x
fck*, ** "  + -  (2-U)
are no longer negligible. It can be shown relatively easily for the cosine variation given above 
that this deviation leads to the production o f higher harmonic responses, the measurement o f 
which leads to other structural information.
As stated in the previous section, the strategy for the analysis o f conductivity data is to 
treat the specimen under test and the measurement cell as an electrical "black box” comprising 
an unknown parallel and series arrangement o f resistors and capacitors.
to the experimental frequency response, and best fit component
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the optimum equivalent circuit may be derived from the continuity o f their respective 
temperature dependences and this used to determine the d.c. conductivity values.
These are the essential requirements o f techniques currently supported by the ASTM
135.36).
The kind o f data might be obtained from this kind o f experiment is shown 
schematically in Figure 2.4 to illustrate the most common types o f presentation and subsequent 
interpretations that are in current use. Figures 2.4a and 2.4b are typical examples o f  dispersion 
and absorption o f a driving force common to many branches o f physics (see for example [37]) 
which deal with relaxation phenomena, but it is Figure 2.4c that appears unique to this particular 
field. This plot o f imaginary vs. real parts o f the response is known as a Nyquist or Cole-Cole
In the refinement and extension o f these principal relaxation models, the library o f 
alternatives that have been presented to parameterise the observed deviations from the 
fundamental semicircular arcs (some o f which are based on the structural interactions of 
polymeric compounds) meet with various degrees o f success [38].
A  more revolutionary postulate o f a ’universal’  dielectric response has been presented 
by Jonscher [39-41], on the basis o f  the similarities in time and frequency dependent relaxations 
for a variety o f systems, encompassing liquids, glasses and solids. These general similarities are 
felt to be important, so stated by Cole [42], but the assertion o f  several different models fitting 
the same data equally well is felt to  be valid here. This serves to introduce a certain cloudiness 
to the interpretation o f data from a more widespread viewpoint, specifically the concept o f a 
single mechanism. However, a combined experimental and theoretical work by Alm ond el aL 
[43] has met with considerable success in the interpretation o f  complex admittance data in terms 
o f Jonscher’s universal law.
In the more specialised applied area o f glassy and ceramic materials, the work o f  Syed 
et aL [44] places the condition o f a right-angled intersection o f the complex impedance curve
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with the "real" axis at the low and high frequency ends o f  the spectrum, and therefore some o f 
the more phenomenological relationships previously presented [38] may be discarded in later 
discussions. Instead, equivalent circuit component values are found either geometrically [45] or 
numerically [46,47] as stated previously, and if possible any underlying relaxation processes 
assigned later.
One such case o f  an additional complication as outlined above in polycrystalline 
specimens is that o f the inter-granular conductivity. Ordinarily the interconnecting glassy phase 
would provide an inordinately large contribution to the measured conductivity, but in certain 
circumstances the measured conductance can be comparable and sometimes smaller than the 
contribution from the higher relative volume fraction o f inter-granular interface regions. Even 
more surprising perhaps a ie  the reports and interpretations o f the sensitivity o f the overall 
conductivity to the condition o f this interface, the introduction o f trace levels o f impurities 
producing an enhancement o f a factor of approximately 5 in the measured conductivity [48,49].
This is one example o f the additional insight into a problem that can be provided in 
special cases from this difficult and often time-consuming measurement.
Finally, we can now construct the essential modules necessary for our initial equivalent 
circuit Obviously the "d.c." resistance, R^, its associated capacitance, C5, and the double layer 
capacitance Cjj are present; C j ]  being in series with a parallel network o f and Cfc. with the 
electronic resistance Re  (hopefully infinite) acting across the specimen part o f the circuit.
In anticipation o f a polycrystalline specimen, one more segment can be added for the 
grain boundary contribution, namely a parallel arrangement o f Rgf, and Cg^, leading to the final 
circuit shown in Figure 2.5, which will be the basis for all later analysis in the present work.
122 Structure
2-2-2-1 Mfttfr.fr fff
Whilst the structure o f polycrystalline materials are now determined on an almost 
routine basis [50-52], the amorphous equivalent remains somewhat more intractable, both 00 an
Figure 2.5.
Fundamental equivalent c ircu it 
f o r  a polycrystalline  material.
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experimental and philosophical level- It is not within the scope o f this work to present a 
particularly detailed review o f this ever evolving discussion, however the general features o f 
currently accepted models must be summarised to  provide a yardstick against which evidence 
obtained from direct or indirect structure probing techniques ram be compared.
O f models presented to "build* ^  macroscopic g l » «  from its molecular sub-units, 
the ones which appear to be the most relevant for this work are the Random Continuous 
Network (R C N ) [53], the microcrystallite adaptation o f this by Gaskell [54] and the 
newly-introduced strained mixed cluster model o f Goodman [55]. The other corner-stone o f the 
modelling o f amorphous solids, the Dense Random Packing o f Hard Spheres (D R PH S ) is o f 
relevance only to amorphous metallic alloys [56].
As  can be seen from the work o f Gaskell and Goodman, the trend in modern thinking 
appears to be towards the visualisation o f an amorphous solid composed o f micro crystallites, 
which for additional confirmation, are also reported to have been observed in an ultra high 
resolution transmission electron microscope [57].
Let us concern ourselves with the local environments o f atoms within the glass. The 
compounds which are combined to form glasses ran be distinguished on an operational basis to 
fit into three categories: glftcg formers, modifiers and intermediates.
Glass formers are those compounds which by themselves form glasses, and are an 
essential constituent in more complex mixtures to  retain the "amorphous state". These are (for 
oxide-based glasses) S1O2, B2O3, P2O 5 and Ge0 2 - The non-oxide based or chalcogenide 
glasses exhibit similar behaviour to the oxide glasses and are discussed in more detail elsewhere 
[58]. For the purposes o f illustration o f the structural implications o f the final two categories, 
SiC>2 is usually chosen as the typical glass former, due to the vast amount o f corroborating 
evidence available from work already performed and its relative structural simplicity compared 
to B2O3 and P2O 5. W e shall also follow this strategy for the time being, and return to the more 
anomalous behaviour o f B2O3 shortly.
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The effects o f modifier oxides, such as L12O, N a ^ ,  MgO and CaO, and intermediate 
oxides such as PbO and A I2O 3 can be understood by reference to Figure 2.6. Figure 2.6a shows 
a regular four-coordinated, two dimensional network (for clarity) which may be thought o f as 
vitreous silica, with each silicon atom joined to four others via an oxygen atom. Several 
molecules o f modifier (N a ^ )  are added to this 'glass* in Figure 2.6b, thus breaking some o f the 
Si-O-Si bonds to create a more non-bridging network by the mechanism illustrated at the side. 
The ramifications o f this action may be observed relatively easily experimentally, in that the 
viscosity at a given temperature (which may be visualised as a shearing o f bonds in a Quid) 
decreases with increasing modifier content since there are now fewer bonds to "break*. This is 
further reflected in other properties which may be directly linked to the influence o f chemical 
bonding, e_g_ thermal expansion, Tg (the glass transition, which will be discussed later), and 
infra-red absorption bands [22].
Ultimately, as one might imagine, at higher modifier concentrations sufficient bonds will 
be broken to prevent a network from being formed, and so it will not be theoretically possible to 
form a glass. For example, 1 molecule o f N a ^  creates 2 non- bridging oxygens (nbos) from 
Figure 2.6b, and so K mol o f N a ^  added to 1 mol o f SX>2 would create a two-dimensional 
network on a statistical level, since the majority o f Si atoms would then have three bridging 
oxygens (bos). The addition o f 1 mol o f Na20  would therefore form a one dimensional network 
o f Si-O-Si chains, which would presumably tangle on cooling to form a glass, and as such, it is 
not possible to form silicate glasses at significantly higher concentrations than SO mol %  modifier 
on the basis o f this model. This is observed in practice for the 'simpler' modifier oxides cited 
above [12].
Taking the modified 'glass* in Figure 2fib and adding an intermediate oxide to it 
strengthens the network again by provision o f extra bonds between the multivalent atoms 
responsible for the network in the first place, as shown in Figure 2.6c. This is also verified 
experimentally by a return towards the behaviour o f vitreous silica o f the properties previously 
employed to illustrate the effects o f modifier oxide addition.
T T î T
Figure 2.G.
E ff e c t  of modifier addition upon 
the s tru c tu re  of a silicate glass. 
<Drawn as a regular 2D a rra y  
fo r  clarity.)
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This somewhat simplistic description is complicated by interpretation o f some 
experimental anomalies, namely that in mixed modified silicates, e.g. ’ invert’  glasses, the glass 
forming region can be observed up to a total 60% modifier [12], and in the binary PbO-SK>2 
system, glasses up to -  90 mol %  PbO have been reported [59] but do not appear to be 
reproducible [60], The explanation o f  this second observation is based on the interpretation of 
the varying role o f PbO in the network. Although the existence o f glasses with lead as the sole 
central atom have not been universally accepted, it is widely believed that the role o f lead 
changes from a modifier at low concentrations to an intermediate in materials having a higher 
lead content. This has been related to a change o f the bonding o f lead in the network, from ionic 
to covalent, for both silicate [61] and borate [62,63] glasses.
For the sake o f completeness, we include an additional category in the set o f materials 
available for glass formation, namely conditional glass formers. These are compounds which 
form glasses when combined with certain other non-glass forming oxides, but which cannot be 
obtained in a glassy condition by themselves. Typical examples include T eO ^  A I2O 3 and Bi2<>3 
(see for example the CaO-Al2C>3 and SrO-Al2C>3 systems [64]).
Consideration o f the more relevant case, namely boric oxide-based glasses, leads to 
additional complications. The ground state electronic structure o f is la22s22p1. When 
energy is injected into the atom (e.g. during the formation o f chemical bonds, provided by the 
bond energy), the electronic structure reflects the excited state o f the atom, rhanging from
0 O It 1 1— 1
la
to
2s 2p
O O P  I t  1 1
la 2s 2p
3XSP2
which may then form 3 x sp2 hybrid orbitals as indicated above. Huthermore, the empty sp2
hybrid orbital can then accept a dative bond, the modified orbitals then becoming 4 x sp3. This
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generally occurs when additional oxygen, in the form o f  a modifier, is introduced into the glass, 
forming a mixture o f 3- and 4-coordinated boron atoms in the network via a lone pair from the 
oxygen 2p shell *.
The revised situation is shown schematically in Figure 2.7. In a similar manner to that 
o f Figure 2.6, Figure 2.7a represents the basic B2O 3 network, with Figure 2.7b showing the 
effects o f low modifier concentrations, and Figure 2.7c the 'structural reversal" upon subsequent
The direct structural techniques available for confirmation o f this concept comprise 
X-ray and neutron diffraction, and nuclear magnetic resonance (NM R).
2.2.2.2 P jrea .M ethods.pf Structure Determination
X-ray diffraction work on borate-based glasses has been used with the random network 
model previously presented to  study the structure o f  Na20-B2(>3 glasses, as a function o f Na20  
content [65]. Neutron diffraction merely provides an alternative view o f the same problem, 
namely the interpretation o f  the broad bands with increasing 28 (where 9 is the angle between 
specimen and incident radiation) from determination analysis o f thr. radial and pair 
distribution functions.
This behaviour can be qualitatively understood by considering the micro crystallite 
model once again in a generalised re-statement o f  the Porai-Koshits model o f glass structure 
[66]. The broadening o f an X-ray peak obtained for a crystalline specimen is dependent upon 
the spread o f incident X-ray wavelengths (a consequence o f the uncertainty principle), thermal 
excitations o f the atoms within the crystal under examination, crystal defects (stress broadening, 
for example), and the physical size o f the crystallites.
*The electron promotion illustrated above forms a precursory step in bond hybridisation. The 
energy required to perform this is supplied by the dative bond formed by the 'additional* oxygen 
atom.
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Figure  2.7.
E f f e c t  o f  modifier addition upon 
th e  s t r u c t u r e  o f  a b o ra te  glass.
As the broadening increases, then peak intensity diminishes, leaving the total scattered 
intensity from a given specimen essentially constant, depending upon the measurement 
conditions. The effects o f the last two mechanisms can be quantified from measurements of the 
peak width, within certain limitations.
For crystallite sizes <  0.1 |im the peak full width at half maximum (FW H M ) can be 
employed to determine mean crystallite sizes [67,68]. In the limit, the peaks can be visualised as 
becoming sufficiently small and broad to no longer be resolvable, and the result is an X-ray 
amorphous material. This normally constitutes <  1 ppm by volume o f crystal phase, which is the 
common practical lower limit o f verification o f the glassy state, in stark contrast to an early 
attempt at the definition o f a glass [12],
The stumbling block o f the above argument is in the definition o f a crystallite in the 
lower limit, which lead to the eventual retraction o f  the Porai-Koshits model. The author feels 
that once this theoretical debate has subsided, the simplistic visualisation presented above may 
then be more meaningfully interpreted.
The principal difference between information derived from these two scattering 
techniques arises from the relative scattering factors o f  the constituent elements o f the material 
under investigation. For X-rays, the most powerful scatterer is the oxygen atom, whereas for 
neutrons, the 1^B nucleus dominates. However, isotopically enriched boron must be used in 
neutron diffraction experiments, since the absorption from *§B, although only -  20%  abundant 
in nature, can totally destroy the signal [69]. Even so, isotopic enrichment is not as selective for 
boron as with other elements, with typical purities reaching only 95% *$B.
More useful structural insight is obtained from determination o f the inter-atomic 
distances within the corresponding crystalline phase, and then linking this to the comparative 
response o f glass and crystal in indirect structural measurement techniques such as infra-red 
spectroscopy. Much o f this work was pioneered by Krogh-Moe [70], and has since been 
continued by other workers (see for example [71,72]).
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NM R is able to examine both glassy and crystalline samples equally well, since it is 
dependent on the local environment o f the atomic species under scrutiny [73]. Initial 
experiments presented in the classic paper by Bray and O’Keefe [74], shows a dependence o f 
N4, the fractional concentration o f 4-coordinated boron atoms, with modifier concentration of 
the form displayed in Figure 2.8. This has since been repeated and re-analysed (see for example 
[75,76]) with slightly different trends appearing at low modifier contents, presumably due to the 
hygroscopic nature o f B2O3, which in turn presents a further experimental difficulty [77]. As 
can be seen from the figure, a maximum of N4 = 0.4 exists at ~ 30 mol %  modifier, the decrease 
with increasing modifier content being attributed to the increased formation o f non-bridging 
oxygens [78]. This was in disagreement with the popular hypotheses presented for the 
concentration dependence o f N4 [79], which over the years, has enjoyed considerable attention. 
Examination o f Figure 2.7b shows that 1 mole of a monovalent cation oxide will produce 2 moles 
o f 4-coordinated borons. Therefore for x moles o f  added modifier in a glass o f composition 
xR 2 0 .(1-x)B2C>3, the number o f 4-coordinated boron atoms will be 2x. The total number of 
boron atoms is 2(l-x), thus giving N4 -  x/(l-x), which is shown as the dashed line in Figure 2.8.
A  more recent model, based on a statistical mechanical re-analysis o f the respective 
energies o f the boron-oxygen "building blocks’ , presented by Bray et al. [80], appears to fit the 
experimental data better to higher concentrations, and is shown as the solid curve in Figure Z8 
for comparison.
The more indirect structural investigation techniques, however, whilst possessing 
sensitivities to the (amorphous or crystalline) state o f  the test material somewhere between 
N M R  and diffraction studies, examine in the most part, the vibrational response o f the material 
comprising an ’ intermediate range order’ , between the local atomic environment o f NM R  and 
the lattice’  periodicity o f  X-ray and neutron diffraction. Therefore, interpretation o f this data is 
normally made in terms o f identifiable structural groupings brought over from X-ray structure 
determinations o f crystalline borate compounds, which are shown in Figure 2.9.
figure 2.8. Variation of number of ^-coordinated boron 
atoms with modifier content in borate glas: 
of general formula xR^O. (1-x)B20 .
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Figure 2.9.
S t r u c t u r e  and nom enclature o f  
g ro u p s  found in b o ra te  glasses.
27
2A2A1
Probably the technique best suited to begin this particular section is that o f infra-red 
spectroscopy, both from the viewpoint o f experimental simplicity and availability, and theoretical 
interpretation on a microscopic level [81]. At infra-red frequencies, the interactions between the 
test material and the incident radiation that are most commonly excited are those pertaining to
This concept is established with far more rigour in a treatment o f the simple harmonic oscillator 
by Wong and Angell [11]. One might be inclined to imagine that a measure o f the force 
constants of, for example, some o f the constituent groups displayed in Figure 2.9 may be 
obtained from this kind o f measurement by linking the (resonant) absorption frequencies to the 
masses o f the constituent atoms in the specimen. However, this elementary explanation is 
complicated in reality by three problems, all o f which are magnified in the investigation o f glassy 
materials. 1
1. Principally, a large crystal exhibits a rapid increase in the number o f normal vibrational
modes from that o f  a diatomic molecule, due to the added possibilities o f  transverse, rotational 
and higher cooperative group motions, for example the expansion and contraction of a boroxol 
ring, known as 'breathing' [82].
atomic vibrations. W e  may visualise the absorption (if  any) by extrapolation from the
oscillating behaviour o f  the simplest case, namely a with constituent
m j and m ^ and coupling constant k. The resonant frequency is expressed as
(2.15)
where jx is the reduced mass =  ^ *1^2  from a classical mechanics formalism [37].
Moreover, due to the changeable local environments from the inherent lack o flon g
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range order, the sharp peaks that might be expected are broadened quite considerably. This 
effect diminishes with the increased symmetry produced upon crystallisation, but is not 
completely eliminated (see for example [79] and section 33.2.1).
3. This localised distortion in the amorphous state also manifests itself in one further 
aspect o f infra-red spectroscopy previously unmentioned here; that o f  'dipolar selection*. To 
return to a simple case, consider two o f the longitudinal normal modes o f a linear triatomic 
molecule (say CO2).  In the first type o f vibration, the two oxygen atoms move in phase with 
respect to the carbon atom, giving a zero dipole moment, which is therefore unable to interact 
with electromagnetic radiation and give an infra-red absorption band. In the second type o f 
vibration, the respective carbon-oxygen bonds are stretched and compressed, thereby exhibiting 
no symmetry and thus a periodic variation o f the dipole moment at the (resonant) oscillation 
frequency, and hence an infra-red absorption.
Vibrations associated with a dipole moment are nominally defined as infra-red active, 
and those with a zero dipole variation as infra-red inactive. However, this latter class o f 
vibrations may still be probed in the infra-red, as we shall see shortly. The effect o f the random 
atomic arrangements characteristic o f an amorphous material is to once » g » '"  distort the 
localised electric fields and produce partial dipole moments, thereby allowing some 'forbidden' 
absorption.
This leads us to the two types o f infra-red spectroscopy most commonly used in the
between the two techniques is that for infra-red absorptions, a frequency scan o f the incident 
light is used to determine the absorption bands. Raman, however, is based upon the generation
o f electromagnetic radiation in the molecules by the electromagnetic field o f the incident 
radiation, thereby requiring a single frequency, high intensity source, since these additional lines 
are far weaker than the concomitant Rayleigh scattering The phenomenological description of
this effect may be given with reference to Figure 2.10.
Interm edia t e  s t a t e
(a )  Rayleigh s c a t t e r in g  
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In term e d ia te  s t a t e
‘2Zzh^
\3>*\
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Figure 2.10.
Energy level diagrams f o r  
in fra -re d  and Raman sp e ctro sco p y
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A n  incident photon o f frequency v ; is absorbed into a virtual state within the molecule 
and must then decay to one o f  three stationary states in the time dictated by the Heisenberg 
uncertainty principle AEAt ~ h upon discovery that the molecule has no energy levels:
Because o f the cause o f  the Raman effect, it ran be shown that Raman transitions will 
only occur where there is an associated change in the polarisation o f the scattered light [83]. 
This generally occurs where there are no net dipole moments, and as such, is complementary to 
infra-red, Le. infra-red inactive is Raman active.
Early ground work in the spectroscopic investigation o f glassy materials placed great 
emphasis upon the systematic assignment o f characteristic absorption bands to the previously
Tables 33  and 3.4. However attempts at more detailed assignments began to show the 
shortcomings o f this strategy.
A n  intensive work programme was undertaken to measure the relative concentrations o f 
3- and 4-coordinated boron atoms possessing both double and single boron-oxygen bonds in a 
variety o f glasses. The purpose o f  this was presumably to correlate data acquired from infra-red, 
NM R and X-ray spectroscopic methods [84], Unfortunately, the attempt failed because o f the 
previously-stated limitations o f  optical techniques, presented as reasons for this misfortune. 
Further limitations, highlighted by a combined argument based on recent experimental work by 
Konijnendijk [72], and a theoretical work by Bril [82], are that ring-based structures (boroxol to 
diborate) are not distinguishable by examination o f  their respective infra-red vibrational spectra.
However, infra-red spectroscopy appears sufficiently sensitive to indicate the presence
1. Elastically, -¡(Figure 2.10a).
2. A  higher energy state, emitting huoui and leaving energy hi/*. (Stokes lines -
Figure 2.10b).
A  lower energy state, emitting huQUt and depriving the molecule o f energy
hi/fc (anti-Stokes lines - Figure 2.10c)
groupings, with a surprising level o f success, as shown by the summary in
of bond distortion within the glass network from different alkali ions added to the glass. This is
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indicated in Figure 2.11, which shows infra-red spectra for a variety o f isomorphic monovalent 
oxide borate glasses. The network structures indicated by the system responses are essentially 
the same, but closer examination reveals a number o f  subtle differences. Previous publications 
have not interpreted these variations in this manner. The ’ absolute* metal ion vibrations within 
the lattice ’ cage* are thought to be most visible at lower wavenumbers (the spectroscopic unit o f 
frequency -  1 A ) following a definitive piece o f work by Exarhos and Reisen (85] that does not 
appear to have been more quantitatively investigated, hence the above presumption o f lattice
Other evidence o f  this alkali ion perturbation o f the vibrational spectrum which is of 
questionable relevance here can be found from the X-ray spectra o f potassium silicate glasses 
(86]. The essence o f  the argument is presented below. I f  an increased number o f potassium ions 
are present in the structure, then one may imagine that they will enter "holes' in the network, 
which would then be forced to expand, thereby manifesting itself as a shift o f the maxima in the 
R D F  (Radial Distribution Function) towards greater distances with increasing potassium 
concentration. This is not observed in practice, nor does the measured inter-potassium ion 
distance decrease with increasing concentration as would be expected for a single structure RCN 
model. Therefore two intermingled structures were asssumed in the initial work; one o f the 
’ pure” oxide, and the other comprising a potassium-rich phase. This was further validated from 
the ’ difference' radial distribution curves obtained from the modified glasses and pure SiC>2- 
The bands were seen to have the same general shape in all cases, but sharpening with higher 
modifier contents.
The above concept is accommodated in the micro-crystallite model by assuming two (or 
more) different types o f  ’ crystallite’ . Hence the observation o f the proposed metal ion distortion 
could be magnified by the 'concentration* o f surrounding metal ions in the second ’phase’ .
This network distortion argument is equally applicable to Raman spectroscopy.
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2.2-23-? rnf.ffirif.nl nf linear thermal f-ipungoii
The microscopic interpretation o f thermal expansion measurements can best be 
undertaken by reference to the potential well diagram in Figure 2.12. Towards absolute zero, an 
atom will "sit" at the bottom of its potential well and be fixed in its crystallographic position.
this well up to an energy kT (where k is the Boltzmann constant = 1380 x lO*2^ JK '1)  as shown 
in the diagram, thereby increasing (for the majority o f cases) its mean displacement from the 
given origin due to the asymmetry o f the well, which is reflected in a positive measured thermal
reported in glasses (for example in aluminosilicate systems [87]) and in other materials [88] 
which appear contradictory to this argument, and are attributable to hinge-like vibration modes 
o f the O-Si-O bridges in the former instance. Therefore, in principle, information about the
From the above description, it is not surprising to learn that the measured expansion 
coefficient, the associated T g value (to be discussed in the next section) and the dilatometric 
softening point M g (the temperature at which viscous flow exactly matches the thermal 
expansion and so no net increase in length is observed in a vertical measurement apparatus) are 
strongly dependent upon specimen preparation and measurement conditions. These comprise 
the thermal history (the temperatures and associated heating/cooling rates employed in the 
attainment o f these temperatures to which the specimen has previously been subjected) o f the 
specimen [22] and the heating/cooling rates o f  the measurement [89], since this is a measure o f
expansion coefficient. Some measurements o f negative expansion been
the net departure from dynamic equilibrium and the ability o f the glass structure to
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F i g u r e  2,12.
Simple v iew  o f  t h e r m a l  
e x p a n s io n .  A s  t h e  
t e m p e r a t u r e  i n c r e a s e s ,  
t h e  c e n t r e  o f  o s c i l l a t i o n  
m o v e s  t o  i n c r e s e  
i n t e r a t o m i c  s e p a r a t i o n .
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It should therefore be common practice to  state the full measurement conditions and 
thermal histones in all reports o f thermal expansion data.
2 ,2^3^  Thermal prQpcrtics
The thermal response characteristics o f glasses can be processed to yield fundamental 
kinetic properties which are useful both from a quality control viewpoint in the commercial 
production o f an article and as a guideline for proposed heat treatment schedules in the 
laboratory. The most common methods o f undertaking these measurements are differential 
thermal analysis (D .T .A .) and differential scanning calorimetry (D.S.C.). The primary 
differences between these two techniques arc in their respective sensitivities and in the form of 
the output data.
Formally, the physical basis o f  any thermal evaluation is to measure the temperature of 
the material under test when contained in a thermal reservoir o f high thermal mass (heat 
capacity), and comparing it to that obtained from a standard material possessing similar thermal 
constants to those o f the test material (preferably one which does not exhibit a phase transition 
in the temperature range o f current interest) under similar conditions. The ensuing analysis 
normally produces one or more thermal "constants', characteristic o f the material and also 
measurement conditions e.g. the presence o f water. These parameters are principally specific 
heat capacity, thermal conductivity and thermal diffusivity, together with the enthalpies o f any 
phase changes. The interpretation o f these quantities are the amount o f heat energy absorbed 
by a substance for a given temperature change, the steady state transference o f heat energy, and 
the rate at which a material will transfer energy under dynamic conditions respectively. These 
thermal constants reflect certain responses o f the D.T.A. curve. For instance, a mismatch o f the 
thermal diffusivities o f  sample and reference will give rise to a systematic baseline drift, a 
phenomenon which is the cause o f considerable worry to some experimentalists. Similarly, a 
constant offset is measured for discrepancies in specific heat, mass and volume o f  the two 
materials. Therefore a zero baseline should be considered as a special case only. The reader is 
referred elsewhere for a more in-depth discussion o f  these observations [90].
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In the case o f a phase change though, a peak is measured with an area directly related 
to the enthalpy o f the change and a maximum at some characteristic transformation 
temperature, before returning to the original baseline trend shortly afterwards.
I f  the specimen has a higher temperature than that o f the reference, then energy is 
being rejected, indicating an ordering to be taking place by losing free energy, which may be 
indicative of, say, crystallisation. The converse is also true, representing for example, the melting 
o f a given crystal phase. A  further example o f this latter condition, characteristic o f glasses, is 
that o f the glass transition.
Imagine an experiment where some macroscopic property, say the volume (o f equal 
validity are other thermodynamic properties such as enthalpy and entropy, or viscosity and 
thermal expansion [91], or ionic conductivity [92]) o f  a liquid is being determined as the liquid is 
cooled. The results are depicted schematically in Figure 2.13. Initially, the parameter will 
decrease linearly along line ab until the liquidus temperature T f  is attained, whereupon a 
discontinuous decrease (increase for viscosity and ionic conductivity) characteristic of 
crystallisation will occur (along be), followed by a new temperature dependence associated with 
the new crystal phase upon subsequent cooling, along line cd. The effect o f crystallisation may 
be postponed to a lower temperature if the liquid supercools. A  third option is available for a 
glass cooled from the melt: here liquid-like behaviour is observed down to some particular 
temperature T g  (below the liquidus), whereupon a second-order discontinuity o f the 
volume-temperature curve occurs at e, followed by a new volume-temperature dependence 
along line ef. (This is equally applicable to the other properties listed above). This discontinuity 
is known as the glut* transition, and the associated mean temperature as the glass transition 
temperature Tg. Moreover, i f  the glass is held at temperature T , the volume will decrease 
gradually to point g  extrapolating from the liquid-like cooling behaviour, reinforcing the concept 
o f glass as a supercooled liquid.
Strictly speaking, from examination o f the representative behaviour shown in Figure
the uncertainty associated
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F ig u r e  2.13.
T h e  r e l a t i o n s h i p  b e t w e e n  
t h e  l iq u id ,  so l io l  an d  
g l a s s y  s t a t e s ,
structural basis [93], but it is not within the scope o f this work to discuss them critically. 
Needless to say, a very general (and thermodynamically inaccurate) inference might be that the 
glass transition represents a "partial crystallisation" and reorganisation o f the melt, from the 
viewpoint o f the microcrystallite model For more stable glasses (Le. ones which do not 
crystallise easily, e.g. window glass) the observation o f T g should, and in fact does, become more 
difficult due to a reduction in the required reorganisation o f the structure. It is postulated here 
that in the limit o f  enhanced glass stability, T g  will be "invisible" for precisely the kind o f material 
that such a measurement should be ideally suited to Le. the existence o f  T g  appears to imply a 
non-stable structure at a given temperature, a concept which may be readily understood by more 
careful examination o f Figure 2.13. If the glassy condition (curve abef) is favoured, and the 
material is held at some arbitrary temperature T q, then the glassy value will slowly diminish to 
equalise with the corresponding extrapolated supercooled liquid value, as shown by the dashed 
lines on Figure 2.13. This demonstrates that the glass is metastable with respect to the 
supercooled liquid structure.
Consider now a more stable glass: the reorganisation necessary to transform from »he 
liquid into the "glass’  will now be much smaller, such that this material may. in the limit, be 
indeed considered not to exhibit the g l « «  transition. I f  the most recent attempt at rh* definition 
o f a glass, namely, "Glass is an X-ray amorphous material that exhibits the glass transition, this 
being defined as that phenomenon in which a solid amorphous phase exhibits with changing 
temperature a more or less sudden change in the derivative thermodynamic properties, such as 
heat capacity and expansion coefficient, from solid-like to liquid-like values" [11], is now 
examined, we are faced with one o f two problems. Either the stable structure is a glass, in which 
case the definition is in conflict with the above argument, or the structure is indeed a 
supercooled liquid, thereby requiring a more precise distinction between a glass and a 
supercooled liquid.
Now, having measured the thermal behaviour o f the system which may be represented 
in the form of a A T  vs. T  graph similar in character to Figure 2.13, the desire for more detailed 
information becomes apparent: for example, the enthalpy o f crystallisation, which could be
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related to nucléation and crystallisation kinetics in the production o f a given (commercial)
calibrated absolutely.
The D.T.A. apparatus generally employed in this type o f work is the commercial 
equivalent o f that originally proposed by Sarasohn [90], and like all conventional D .T A  
equipment, uses a single differential thermocouple between specimen and reference to give an 
optimum accuracy o f about 5%.
For D.S.C., however, there are two main principles o f measurement: the first is to 
measure the heat flux o f a given volume (the specimen/reference sample holders) in a thermal 
reservoir, and the second is to measure the power which must be supplied to either the test 
material or standard to balance the temperature changes obtained from a conventional D.T.A. 
technique. Due to the experimental facilities currently available, it is to  the former that we 
principally direct attention.
This consists o f a regular systematic array o f several hundred similar thermocouples 
connected together in series to form a thermopile. Because o f the very nature o f  this
reference thermopiles must therefore be carefully matched during construction and the 
sensitivity and response times o f the output signal ultimately equalised by the use o f electrical 
and thermal shunts. Therefore, by evaluation o f  the relationship between the signal amplitude
unknown sample may be undertaken. This calibration is either performed by the Joule effect
thermocouples in the thermopile independently o f the detection system), or by measurement o f
article. It is at this time that the differences between D.T.A. and D.S.C.
Whilst D .T A . can be used to obtain semi-qt ive thermal parameters, D.S.C. can be
bath. The
and physical power dissipated, calorimetric o f the thermal o f the
(placing a small heater in the sample holder), the Peltier effect (usii some o f the
heats o f fusion o f a standard material.
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The alternative approach to D.S.C. is to introduce furnace elements into the (thermally 
well isolated) sample holders which are then used to increase the measurement temperature and 
compensate for the energy differences previously described.
2333.4  Viscosity
In a general forming process in glass technology, it is often desirable to use a glass 
system where virtually constant flow conditions exist over a fairly wide temperature range, just as 
a low thermal expansion coefficient is useful to reduce the probability o f cracking during cooling 
due to differential contraction. The former condition is satisfied where a low viscosity activation 
energy is observed Le. the slope o f the ln(viscosity)-temperature curve is relatively flat. This is 
also particularly useful after the formation process during annealing, where strains introduced by 
uneven cooling during forming are relieved by heating and holding the glass at a temperature 
where distortion o f the article is not apparent, and cooling slowly thereafter to ensure the strains 
are not reintroduced.
Thus the need for a viscosity-temperature curve becomes apparent to eliminate many 
time (and money) consuming trials, and as might now be expected in this section, the basis o f 
viscosity lies on a partially accessible fundamental microscopic understanding o f the structure in 
general Elementary undergraduate texts covering macrophysics [94] and kinetic theory [95] 
interpret and analyse viscosity on the premise o f atomic layers sliding over each other under the 
influence o f a shear force, which also appears equally applicable in more comprehensive 
theoretical descriptions requiring the input o f a viscosity-based argument.
The implications to glass structure, therefore, are essentially trivial, namely that o f 
providing a ’ feel’  o f  the strength o f individual bonds to the aforementioned shear force, or more 
simply, the resilience o f  the now more fluid ’ network” at elevated temperatures. This in turn 
provides insight from which more definitive experiments to investigate a given property may be 
contrived.
From section 23 3 3 3 , viscosity is a material property which exhibits the glass transition;
responding values being typically in the range ID*1 - 1012 Poise for all the systems
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[96], thereby implying that subtle structural complexities must be present in any physical model 
o f the glass transition [55,57].
2.2.23.5 Density
The final property to be discussed in this section, density, is arguably one o f the simplest 
to measure and one o f the most informative for the effort required. From a knowledge o f the 
glass composition (formula weight F), the molar volume v (a macroscopic measure o f the 
efficiency o f atomic packing) can be calculated from the density p, since
* - S’ (2.17)
from the definition of density.
In the particular case o f borate-based glasses, as with other hygroscopic materials, care 
must be taken to avoid contact with water, both with the glass itself, and by the choice o f an 
immiscible immersion fluid such as liquid paraffin (nujol) or glycerol. This latter condition has 
implidty assumed that picnometry [94] is employed due to its ease and superior accuracy.
2-2.2.4 The Structure o f Borate Glasses
Having now examined the various measurements that can be employed to determine the
Historically, probably the first model presented was that by Biscoe and Warren [97], to 
explain the observed minimum in the graph of thermal expansion coefficient vs. modifier oxide 
concentration, at -  17 mol %  modifier as shown in Figure 2.14 + .
+  Fluctuations in the position of this minimum can be observed by consulting the literature, but 
it is believed by the author that this may be attributable in part, if not in full, to the preparation 
and measurement conditions (see 2.2.2.12).
160
Figure 2 .1*. Variation of linear thermal expansion coefficient 
with modifier content. After Fawson [ 2 2 ] .
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This model postulated the structure o f glassy B2O3 to be a random arrangement BO3 
triangles, with added modifier forming BO4 tetrahedra, thereby increasing the packing densities 
in the network and thereby decreasing the thermal expansion coefficient. This process was 
thought to occur up to ~ 13 mol %  whereupon non-bridging oxygens would be formed to 
weaken the network and again increase the thermal expansion coefficient.
The next major contribution was presented by Abe [98], who proposed a model with a 
series o f arbitrary 'selection rules’ , the principal one being that two 4-coordinated boron atoms 
(B4) would preferentially avoid each other. This implies that tetrahedra are only formed to the 
R 2O 3 B2O 3 composition, since beyond this "forbidden’  B4-B4 linkages would be necessary. 
This led to the conclusion that N4 should remain constant at higher modifier concentrations.
Other, more controversial models were also presented o f borate glass structure. 
Perhaps the most notable o f these was an early work by Grojtheim and Krogh-Moe [99], where 
boric oxide itself was postulated to comprise boron atoms 4-fold coordinated by oxygen. 
Moreover, this four-fold coordination was postulated to revert to 3-fold upon modifier oxide 
additions.
Experimental evidence was at that time fairly unreliable and so no formative ideas 
regarding the validity o f one or more models or concepts could be obtained. It was in the early 
1960’s that the definitive experiment cited previously (by Bray and O ’Keefe [74]) was eventually 
performed with the required result. The conclusions o f this experiment were far-reaching: the
N.M.R. evidence now showed a consistent increase in N4 with modifier concentration from = 0 
at x -  0 to *  0.5 at x = 0.4 for a variety o f cation species, thereby sweeping aside many o f these 
previous models. However, a more puzzling question was now posed: what structural effects are 
responsible for the observed concentration minima in thermal expansion and Tg  at -  17 mol % 
modifier, which also appear to correspond to concentration maxima in other properties such as 
viscosity.
The peculiar behaviour outlined above is now well known as the boric oxide anomaly. A  
variety o f models to explain this more detailed behaviour have since been presented, ranging
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from quantitative theories relying on empirically-determined constants for their agreement [100], 
to the more widely-accepted view o f molecular groups by Krogh-Moe [101] (see figure 2.9). An 
earlier publication, which contained extensive analyses o f the models favourable at that time and 
reports o f interesting thermal analogies between systems [102] does not appear to have been 
well-received in its original form. The reader is directed elsewhere [103] for a more detailed 
review o f these models.
One further series o f observations are presented in Appendix 2 which may be able to 
link the N M R  data to the more obtuse macroscopic anomalies occurring at -  17 mol %  
modifier.
It is interesting to note, perhaps, that no models have yet been presented for borate 
glasses using the micro-crystallite model The alkali borate glasses, however, appear to exhibit 
similar compositional trends to those o f the crystaL I f  the argument for the Hismicsal o f the 
micro-crystallite model is valid, then one should exercise extreme care when comparing Tong 
range” (o f  the order o f the diameter o f a micro-crystallite) interactions o f structural groups 
between glassy and crystalline compounds.
The structural implications o f halogen introduction to a borate glass network introduce 
an additional complication to the preceding discussion: the majority o f workers in this field seem 
to be o f the opinion that the halide resides interstitially Le. is not directly bonded, within the 
network, from an abundant supply o f experimental evidence, derived for the most part from 
NM R studies [75], where the variation o f N 4 vs R  ([R 20 ]/[B203])  was not seen to change 
halide addition. However, several other pieces o f work imply the existence o f B-X (X  -  
halogen) bonding to some extent, albeit with some qualifications.
Chemically, there are two criteria to be satisfied initially, namely the sizes and 
electronegativities o f the halides must be compatible with the existing  borate network, Le. will
a boron atom? Values o f
Table 2.2 Ionic Radii and Electronegativities for the Halogens 
and Oxygen
Ion Ionic Radius (X ) Electronegativity
f" 1 .3 3 4 .0
Cl" 1 .81 3 .0
Br" 1 .96 2 .8
I" 2 .16 2 .5
o 2- 1 .3 2 3 .5
4 0  -
reason whatsoever why B-X bonding cannot take place. The stumbling block would appear to be 
in the thermodynamics o f  the reaction itself, for which reported data is not o f sufficient
that look favourably upon this structure modification, for fluoride, chloride and general 
halide-containing glasses respectively. A ll report the difficulty o f halide retention during 
melting, which seems to be exacerbated by the presence o f water [77].
An NM R investigation o f the NaF-Na20 -B2C>3 system by Kline and Bray [104] 
concluded that some o f the retained fluorine was directly bonded to boron over a concentration 
range for NaF (~  [N a ^ ] )  o f -  1 - 25 mol %. However, this figure is undoubtedly influenced by 
water since the stoichiometry assumptions (from which these concentrations were obtained) 
were not self-consistent.
Mossbauer and ESR studies performed on potassium borate glasses containing a low 
concentration ( -  0.6 mol % ) o f potassium chloride together with ferric oxide (included for the 
Mossbauer studies only) [105] showed from both techniques that B-Cl bonds exist for modifier
Finally, a series o f papers directed towards the AgX -A g20 -B2C>3 system (X  -
ions contribute to the measured conduction. With additional information obtained from 
quantitative infra-red studies, a model was presented to explain this based on the ’ pinning’  o f 
silver ions within the network, necessitating the presence o f B-X and B-O-X bonds to maintain 
electroneutrality.
However, the evidence in favour o f interstitial halides is overwhelming, both in the 
isoionic lithium and sodium systems, based largely on conclusions obtained from 11B NM R, as
itself, only three intrinsically diverse pieces o f work have been found
15 mol %, but that interstitial chlorine is prevelant below this.
halogen) by Minami et aL [33,106] showed, from o f silver ion conductivity in
glasses having a constant A g X  content and variable A g20 not all the silver
stated earlier. A  further report o f Raman spectroscopy o f lithium es [106] also
H i
attempts to show no direct structural reorganisation with huliHr addition, but subtle differences 
in the spectra presented can be observed upon careful examination. Moreover, a simple 
calculation also enables spectra to be compared by eliminating any discrepancy that may be due 
to the introduction o f additional oxide if the halogen were to have volatilised during melting.
Therefore, one may conclude that it is highly unlikely for boron-halogen bonding to 
dominate in a haloborate glass, but that any effect present will increase as the pentaborate 
mmpneitinn is approached.
¿ 2 3  Mechanical Properties
¿23.1 FJastic Properties
These comprise the mam elastic moduli, namely Young’s, shear and bulk, and the 
Poisson ratio o , which are interrelated by a series o f simple equations [106]. In general. Young’s 
modulus E  is paid the most attention by the materials science community, since it can be used 
indirectly to check one type o f fracture toughness measurement, which will be discussed in more 
detail shortly. Young’s modulus can be found by a variety o f techniques, but in practice 3- or 
4-paint bend tests are used, the formulae for which may be obtained from results given by 
Hollenberg et aL [109] for bars o f rectangular cross section:
jfSs (3  point) (¿18)
O ^ Û E (4 point) (¿19)
where the appropriate quantities are indicated in Figure ¿15. It can be seen that equation 
(¿19 ) reduces to equation (¿16) for / — 0.
¿2,3.2 Mçphjniçfll Strength
When a structure is loaded to failure, the ensuing catastrophic collapse may be
categorised into two dominant regimes. Both arc dependent upon the presence o f defects, but 
the interactions between these and the applied stress are completely different.
F igure 2.15. Illustration of quantities used in equations 
for Young's modulus and K^ c determinations.
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The first, with which one is probably most familiar, is that observed in ductile metals. 
The behaviour is elastic up to the limit o f proportionality, whereupon plastic flow occurs due to 
the sliding o f crystal planes over each other, producing a large number o f dislocations which 
tangle and temporarily strengthen the material (yielding) before eventual failure [110]. In this 
instance, the presence o f 'stationary" defects within the crystallites’ lattice act to pin the 
dislocations and postpone the effects o f plastic deformation to higher applied stresses. This is 
the main purpose o f large interstitial and substitutional atoms introduced to form high strength 
steels, and the tempering process to produce small prestressed grains.
The second, which will be most prominent in the following discussion, is fracture 
oriented, Le. failure before the onset o f large scale yielding. In this instance the introduction of 
large scale flaws (e g . surface scratches, inclusions or voids) and the surrounding localised stress 
fields arc o f prime importance to the observed strength. Here the microscopic defects are o f 
secondary relevance. The so-called brittle strength o f solids is determined by two principal 
mechanisms: the introduction o f these flaws, and their subsequent extension under an applied 
stress. The defect ultimately responsible for failure is known as the critical flaw.
The starting point for this discussion then is to examine the effect o f a given flaw 
distribution on the measured strength o f a solid material. The first reference to this for brittle 
solids (Le. when failure occurs almost instantaneously, known as fast or brittle fracture) was in 
1922 by Griffith [13], who investigated the flexural strength o f glass fibres as a function o f 
exposure time to atmospheric moisture. The critical force was found to depend strongly upon 
this parameter, changing from a broad distribution for the pristine fibre to a sharper one having 
a lower mean strength for damaged specimens (see Figure 2.16) [111].
For the pristine fibre, the flaw density is relatively low, thereby necessitating  the 
introduction and subsequent propagation o f flaws via the coupled stress alone. For this reason, 
the strength was found to approach the theoretical value for glass (the force required to break 
each chemical bond in turn), thereby providing experimental confirmation for a theoretical 
assumption used in the mathematical models which attempt to interpret these observations,
Figure 2.16.
Typical distribution of 
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specimens having
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flaw density.
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namely an atomically sharp crack. The scatter in values arises from two effects, namely the 
uneven flaw distribution and thereby its erratic spatial position, and the strong 
position-dependent tensile stresses experienced at the surface.
However, for the fibres exposed to moisture for a longer time, small unobservable 
surface cracks are postulated arising from some 'corrosion' mechanism (known as Griffith 
cracks). These are distributed more uniformly and there is now a higher probability o f a flaw 
being present in the region o f mmrimnm stress, thereby leading to the observed combination o f a 
sharper breaking strength distribution at a lower mean value. A  similar distribution sharpening 
was also observed with increasing fibre diameter, since this will also produce a higher flaw 
population per unit length. In fact, this particular dependence was used to calculate the above- 
mentioned theoretical strength, by extrapolation to zero diameter fibres.
Furthermore, Griffith presented an energy balance criterion for crack extension. That 
is to say, if the probabilities o f all the possible fracture paths were evaluated from an 
energy-oriented viewpoint, the most probable option and all subsequent parameters obtained 
therefrom could be predicted. For example, to extend a crack, the energy supplied must be 
greater than the sum o f the free surface energy o f the newly-created surfaces, the bonding 
energy o f  the matrix through which the crack extends, and other additional terms from the 
extension o f the plastic stress field, to  be discussed shortly. This energy is obtained from the 
decrease in the localised elastic strain energy as the crack propagates.
In practical situations the presence o f a great many variables, such as slow crack growth, 
fatigue, and stress corrosion cracking, render an energy-based description highly complex. 
Therefore, an equivalent approach which circumvents these difficulties is now favoured following 
its development by Irwin [112], and is termed the stress intensity approach. It essentially states 
that for a crack to extend, a material in the vicinity o f the crack must have been stressed beyond
stresses rather than energy, with the plastic stress field having to attain some critical value for the 
crack to extend. The magnification o f  the stress observed at the crack tip relative to the applied
factor K, arising from the result central to all theories o f 
stress is higher in regions o f small curvature.
It is the measured value o f  K  at failure (the critical stress intensity factor, or fracture 
toughness) that is generally felt to be a measure of the overall mechanical resistance. This, as we 
shall see, is not as comforting as might be first thought, for a variety o f reasons.
In practical systems, the thermal and chemical effect o f the environment on the stress at 
flaw dps is o f major importance. Allen [113] recently drew attention to this by examination o f  
the static fatigue (failure under a constant, sub-critical load) o f sodium 0 -alumina in liquid 
sodium. Results showed that the fracture toughness has but a small dependence on overall 
lifetime; the primary effects being the threshold stress intensity factor (where the crack first 
begins to extend), and the dependence o f crack extension and the initial flaw size upon the stress 
intensity factor.
This work, as did the foundation work o f Griffith, includes the additional effect o f a 
chemical environment in the vicinity o f the crack. This must we feel be considered in all cases, 
since to dismiss the effect o f  a chemical environment without suitable precautions, as has been 
demonstrated in these two pieces o f work, can produce surprising consequences in a more 
thorough study. Various other pieces o f work have shown that the presence o f different media at 
the crack tip can effect either crack extension (which when combined with an applied stress 
leads to the phenomenon o f stress corrosion cracking [114]) or crack "blunting* (Le. dissolution 
o f surrounding material to increase the local radius o f curvature, hence reducing the stress 
concentration [115,116]). In some cases, generally with the presence of an inert medium, partial 
crack healing (the closure o f a fracture surface, illustrating the "reversal" o f the energy balance 
equation) has been reported [117,118]. Even this simple introduction, then, provides a flavour o f  
the subtlety and complexity required to perform meaningful and reliable strength measurements.
2.233.1 Hardness
The measurement o f  a low hardness value may be thought to indicate the ease o f 
introduction o f surface flaws into the specimen, a property deemed important by the arbitrary 
criteria presented in the above introduction. An  extension to this concept has also created 
interest in the idea that the stress field formed in a conventional hardness test may be used as 
the site o f  a critical flaw in a new type o f toughness test, to be discussed in the next section. A  
hm-Hnf-cc value is determined from the local plastic deformation o f the test material by a smiill 
area probe (indenter) under a given load for a given (standard) time.
Hertzian [119) and Rockwell [120] tests employ blunt indenters, the Hertzian test 
relying upon the initiation and propagation o f a "cone crack” around the test piece follow ing the 
line o f stress concentration, and as such is destructive in that the specimen is tested to  failure. 
Furthermore this method is in general only applicable to transparent specimens since the crack 
has to be seen to form right round the indenter, although significant progress has been m ade to 
generalise the technique to opaque solids using sapphire spheres both as an indenter and an 
objective lens [121]. However this technique is not considered generally applicable since the 
deformation of the indenter itself has to be corrected for in the ensuing analysis and is therefore 
relegated to its particular specialised applications. Rockwell tests, however, measure the s ize of 
the plastically-deformed region beneath the spherical (usually steel) indenter. This uses in  effect
"non-destructive” sharp indenter measurement techniques described below.
Measurements made using sharp indenters provide fewer constraints to  the 
experimenter. Here diamonds are used as the probe material, thereby eliminating the problem  
of later correction for indenter deformation in the analysis. Also, since the specimen does  not 
have to be tested to failure here, sharp indenters can be used in quality control o f  finished
products in an ii
The indent should not weaken the structure since if  the material "passes’  the test, then a 
load exceeding the design limits will be necessary to overcome the surrounding compressive 
stresses and extend the localised cracks [122].
that the hardness value is force per unit area (per unit time), which leaves the areal parameter 
open to interpretation as either actual contact area or measured area on a horizontal projection. 
Although a simple premultiplier correction is available, it does not appear to be w idely adopted, 
and may be omitted in the majority o f cases.
As one final note, a method has been tentatively presented for the determination of 
Young’s modulus via the measurement o f hardness using two different indenter geometries, 
namely the Vickers and Knoop diamonds, shown schematically in Figure 2.17. A s  can be seen, 
the Vickers indenter is o f square cross-section, and will produce a pyramid-like imprint. The 
Knoop geometry, however, with its 7.11:1 aspect ratio produces a "boat-like" indentation, which 
will deform the test materials anisotropically with respect to its two principal axes upon removal 
o f the load; the restoring forces on the minor axes giving rise to a much larger elastic-plastic 
deformation. As  indicated, this is dependent upon the elastic moduli o f the test material, and 
the relative deformations have been shown analytically to lead to a measurement o f  the ratio 
E/H when combined with the comparatively isotropic relaxation from a V ickers geometry 
[123,124], One might then be tempted to quote E  from this measurement if the other parameters 
can be suitably approximated. However, as pointed out in the work cited, the measurement uses 
two different hardness values, and so the problem of selection is presented. This method should 
therefore be discouraged except to draw the most tentative conclusions. One further indenter
type has been presented in the literature based on a tetrahedral geometry [125]. However its
Figure 2.17.
Comparison of Vickers and 
Knoop Indentations.
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The quantity used to provide a measure o f the resistance o f  a  material to crack 
propagation under an applied stress is termed the toughness o f a material. This should be 
distinguished from strength as quickly as possible; for example wood is tough but not strong, 
steel is strong but not tough. The extensive investigations performed in the literature on brittle 
materials might then be thought to have been directed towards high strengths (i e mitimum 
sustained loads), but as indicated in the introduction to this section, it is the  resistance to crack 
propagation (hence the toughness) that is o f paramount importance in the development o f 
engineering ceramic composites.
The first problem in this type o f measurement is concerned with the  size and position o f 
the critical flaw. Specimens may be tested in an 'as received’  condition, and  the history o f the 
critical flaw determined by examination o f the fracture surface. The w ork  reported [126-128] 
does appear encouraging in the adoption o f the method, but for the possibility o f »mhignitire 
introduced at sub-critical stresses. One example o f this is stress corrosion cracking, where 
atmospheric solvents attack the exposed highly-stressed regions o f the crack, renting 
at very low loads [129-131]. Elimination o f this process is straightforwardly accomplished by 
surrounding the crack, and particularly the crack tip, with an "inert* medium [132]. This in turn 
defeats the purpose o f the test to some extent, since the material will be e*p»scri to potentially 
hostile chemical environments under normal service «wHiiinn;
Another, possibly more satisfying alternative, would be to introduce a known critical 
flaw to the material, and examine the progress o f the crack under an app lied  stress by 
reference to the fracture surface. Once this work has been performed to  a satisfactory 
conclusion, the flaw statistics associated with a given production process may »hre be 
determined via measurement of the Weibull modulus [133,134],
Ideally, the most satisfactory m 
components, but this can be prohibitively
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strategy is to perform a series o f tests upon simple geometries (Le. bars and plates) and process 
the results to provide a feel for the overall mechanical response. T h e  quantity most often 
associated with this concept is the critical fracture toughness in flexure, K j c. The difference in 
failure modes is illustrated in Figure 2.18, and assigned the nomenclature first proposed by Irwin
1135]
Obviously, the additional freedom allowed for the directionality o f crack propagation 
provided by the biaxial test (using a plate specimen) means that the results obtained will be more 
easily related to a complex fracture (Le. in an industrial component), but unfortunately they 
cannot be simply analysed to indicate the corresponding toughness value, although a measure o f 
the resistance to  failure can be derived via the Weibull modulus [136]. Even so, a brief 
indication o f the biaxial strength technique is useful, since it can in principle provide more 
valuable information than the uniaxial test (using a rod or bar specimen) when material strengths
There are three principal methods for the biaxial determination o f toughness. These 
are the A 3 .T .M . method for testing ceramic tiles [137], and the ball-on-ball/ball-on-ring tests 
designed and implemented by Ritter et a l [138]. These latter techniques have been compared 
with the conventional uniaxial results in order to derive a fe e l ' for any correspondence between 
material independent parameters (which K^c is often presented as [139,140]) and the critical 
stress values obtained from biaxial measurements. These have included a limited study o f the 
overall effect o f a known critical flaw (a Vickers indentation, see 2.2.33 .1 ) beneath the contact 
area o f the loading ball on the opposite ride [141]. This is not as quantitative as might be first 
thought since the interaction of the driving stress field from the point o f  application o f the stress 
with the flaw is a strong function o f displacement. This problem w ill be returned to in the 
following description o f some methods used in nninrinl testing.
Historically, the determination o f toughness was oriented towards all three failure
relatively easy to on a large scale, an important consideration in material evaluation,
F ig u re  2.18.
The t h r e e  f r a c t u r e  n o d e s  
e n c o u n te r e d  in n e c h a n ic a l  
s t r e n g t h  t e s t in g .
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attempts to obtain mechanically similar specimens, a 10 - 15% scatter
typically exists in all previously reported work [142].
In the special case o f the K j  fracture mode, the first steps were taken in a series of 
papers in which ”K  calibrations’  for 3- and 4-point loading o f  a standard brittle metal bar were 
experimentally determined [143] and compared with the results from a theoretical non-linear 
stress analysis approach [144,145] by Brown and Srawley [146]. The "K-calibration', or specimen 
compliance, measures the size o f the elastic-plastic stress interaction by the systematic 
determination o f displacement as a function o f (non-critical) load for a variety o f  critical flaws 
(in this case, milled slots o f different depth). An  investigation o f the dependence o f other 
experimental variables was also undertaken (height, width and length o f the test bar, together 
with the separation o f the loading points) to produce the follow ing equations which were found 
to hold so long as the conditions given below the equations were satisfield.
D  -  (L - p
l/W >  2; L/W »  4; 0 <  w/W <  0.6; 2 < W/B < 8, so that friction on the loading points becomes 
insignificant. The appropriate quantities are indicated in Figure 2.15.
These have been conveniently summarised by Ewalds and Wanhill [112] from the 
ASTM  standard. One o f the criteria is that 0.45 <  w/W <  0.55, but by graphically plotting the 
(dimensionless) polynomial approximations to the specimen compliance [146] (Le. without the 
specimen dependent premultiplier terms) presented above as a function o f w/W (Figure 2.19), it 
can be seen that a w/W o f  03  is at the extreme position o f  agreement between the above 
relationships. Therefore a w/W o f = 03 will be used for the toughness determinations in this 
work.
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figure 2.19. Variation of specimen compliance with 
notch to thickness ratio  fo r two 
different calibrations.
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Even so, the requirement for a technique which was equally applicable both in the 
laboratory and in an industrial quality control environment was quite strong, and a new method, 
using an indentation as the source of the critical flaw, was developed to meet this need [127,128]. 
It was further postulated that a value directly proportional to the K lc  value determined by 
notched-beam methods could be obtained from the length o f  the radial crack and the size o f the 
central plastically-deformed zone. The nomenclature o f  the three different types o f crack 
caused by a sharp indenter is indicated in Figure 220. In many respects, the indentation method 
o f toughness testing seems ideal: the critical flaw closely resembles the crack that would cause 
failure ’ in the field’ , namely cracks introduced during final machining, and several values for K jc 
can be obtained from a single test piece. I f  a second, similar indent is situated dose to the first, 
but sufficiently far away that the associated stress fields d o  not interact appreciably, then one o f 
the cracks will extend sub-critically to the approximate size o f the critical flaw at the onset o f 
failure of the other under application o f a given load. This allows a value o f the crack size at the 
instant o f failure to be independently obtained. Furthermore, stress corrosion effects can be 
eliminated by simply placing a drop of an inert medium (e .g . silicon ml) on the selected site prior 
to indentation [127], and subsequent flexure in a 4-point bend. This geometry is necessary due 
to the uniform stress distribution required on the tensile surface between the central loading 
points [147]. The type o f indenter must be restricted to  a Vickers, since symmetrical cracks are 
required both paralld and perpendicular to the faces o f  the test piece, to evaluate the 
sub-critical crack extension experienced upon loading. T h e  relevant equations for K^c by this 
technique are:
where is a material independent constant for Vickers indentations experimentally 
determined to be 0.016 ±  0.004,
(222)
(223)
where t>$ -  [(256/27)(nQ)3/2 # $ ]*  -  0.59 t  0.12 [128]
Racftal/Hedon crack
Figure 2.20.
Nomenclature o f  c ra c k s  
formed from a sharp  
indentation.
Kc -  A o n f e *  +  B, (224 )
where A  -  2.02 and B =  -0.68 MPam * [148]
Here, P  is the indentation load, cQ the crack length immediately after indentation (care being 
taken to eliminate any environmentally assisted sub-critical extension by performing the indent in 
inert surroundings), the crack length o f  a neighbouring indent after fracture, Q a 
crack-geometry factor, and a the applied stress at failure.
Unfortunately, the indentation technique suffers from several fundamental problems. 
Firstly, the K lc  values determined are consistently and systematically lower than those obtained 
from conventional notched beam tests, which led  to  the introduction o f  a "universal calibration’  
[149], reproduced in Figure 221. This was modified in a later publication [145]. This 
discrepancy in Kjc values is attributed here to the additional energy required by an indentation 
in the creation of lateral cracks, the effects o f which have not been satisfactorily accounted for in 
the general case within the background theory [150]. More importantly, perhaps, is that the 
measurements o f toughness determined from »his indentation method are only as valid as the 
notched beam reference values. Examination o f  the currently accepted materials science 
technique from an engineering-based metallurgical standpoint clearly shows the adopted test 
geometries to be invalid [135], since calculated values o f the size o f  the plastic stress field 
surrounding the crack tip are, in general, a significant fraction o f  the specimen th ir lm ««  
Moreover, the dimensional requirements associated with equations (2.20) and (221) are often 
violated. These conclusions essentially state that K lc  values are dimension and preparation 
dependent to some extent in ceramic materials. This is further demonstrated by reference to 
two other pieces o f work. Henshall et al. [125] reviewed a number o f polynomial expansions for 
compliance in 3- and 4-point flexure, by comparison o f the processed K^c values for silicon 
carbide. The optimum fits were then ranked by examination o f their respective dimensional
dependences, namely the notch depth to thickness ratio w/W. Ideally for a valid
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flgurt 2.21. Comparison of toughness values obtained using indentation 
and conventional means. After Anstis et a l. 0*93.
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specimen size. For a valid material property the correlation coefficient will be zero. In this trial 
to obtain the supreme equation for K yc determinations, the ’best" equation was found to  yield a 
correlation coefficient o f 0.11.
The effect o f the notch introduction from a mechanical standpoint has been researched 
by Pabst (151], who has demonstrated that the measured K jc  is slightly dependent upon the 
notch shape and the grit size o f the diamonds on the saw used to cut the notch, but quite 
surprisingly, highly dependent upon the notch thickness itself, for notches having a square 
profile. These conclusions are in agreement with a non-linear stress analysis performed by 
Manning [152], In the instances where the fracture toughness is dependent upon specimen size 
as stated by the ASTM  standard, an effective K jq, can be determined and equated to the 
"actual" value if  a series o f criteria can be satisfied [112].
One further problem, which is applicable to all strength measurements in brittle solids, 
is the important effect of slow crack growth. I f  a flaw is present in an otherwise elastic material, 
then a crack will extend over a period o f  time to alleviate the localised stress field. In this 
manner, an initial microscopic flaw can grow to a crack o f catastrophic dimensions. This is the 
basis o f the description presented for the lateral cracks present in indentation toughness testing 
(150].
This phenomenon is further complicated by the effects o f  a chemical environment in the 
case o f surface flaws. The ensuing degradation is termed stress corrosion cracking, and 
although investigated extensively by engineers [114,116], has only recently attracted limited 
interest on a qualitative basis by materials scientists [115,116,131].
Qualitatively speaking, the mechanically-observed consequences o f a mildly corrosive 
external environment on a stressed section o f material are extreme. In some instances, the 
plastically deformed areas surrounding the crack tip are preferentially dissolved instead o f the 
exposed individual chemical bonds at the crack tip, thereby increasing the crack tip radius and 
so decreasing the localised stress [153]. This is colloquially termed 'crack blunting". However, 
for the remainder o f materials, it is the crack tip itself that is attacked, thereby further weakening
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the material, and is accelerated still further under the influence o f an applied tensile stress. The 
mechanism can be interpreted by reference to Figure 232 after Lawn [116], which indicates the 
basic features o f stress corrosion.
Most systems, however, are not quite so fortunate in that the underlying mechanisms 
cannot be readily understood, and it is felt by the author that unless specifically investigating this 
aspect o f material degradation in a hostile environment, the potential influence o f  stress 
corrosion should, where possible, be eliminated. In the event o f  doubt, the toughness tests should 
be performed under more reproducible standard conditions.
2-2333 Stcreological investigations
Generally speaking, the proportion and relative size o f  different material phases in a 
composite are only evaluated when looking at a particular aspect o f strength, namely its variation 
with grain size and distribution. W ork o f this kind implies that the bulk strength passes through 
a maximum when plotted vs. the variation o f mean crystallite size in sintered materials [154-156]. 
Volume fraction measurements are used as a complementary technique to provide a ’ feel" for 
the inter-granular separation. W ith the superior control o f  such macroscopic quantities realised 
by glass-ceramics, the need for measurements of this type become even more important, so that 
nucleation densities and crystallisation conditions may be optimised.
Just as mechanical strength may be linked to volume fraction and mean crystallite size 
by the statistical distribution o f  fracture paths (crack branching being assumed to  be reduced for 
"fast’  fracture, implied by sharp critical flaws [112]), so should conductivity by the relative trans- 
and inter-granular contributions. Hence a tenuous link between these two quantities has been 
established, and as such would seem a natural parameter to  interpret electrolyte degradation 
results, although the reproduction o f  a similar argument in the literature appears to be lacking.
One major problem exists in the interpretation o f  these measurements that has not been 
mentioned yet - that o f the characterisation o f particle shape. In order to calculate mean 
crystallite size, assumptions o f  simple, readily expressed geometries must be made  [157]. To 
justify the equivalence o f volume fraction measurements to simple point counts (frequency of
CD Physlsorptlon o f water molecule 
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Figure 2.22.
S tre s s  co rrosio n  mechanism 
In silica glass. (A f t e r  Lawn [115])
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occurrence of a given phase lying on a grid comprising equidistant points, normally on a square 
grid, which should ideally be based upon an equilateral triangle), the objects under examination 
must be randomly oriented spatially. This tends to place often difficult and unattainable 
limitations on the experimentalist, and so unjustified conclusions are drawn. Unfortunately, 
more time- and energy-consuming alternatives (namely line and areal ratios) do not provide 
proportionately more insight. The only formal description that has made some progress in this 
direction, albeit incomplete, is the complete functional description o f the structure [158]. 
However, after the time spent in the acquisition o f a sufficiently large database, the results must 
still be processed in a fairly basic way to  enable correlation with other quantities o f  interest to 
the materials scientist, such as strength, thermal expansion and electrical conductivity. 
Therefore, it is probably more reasonable to take raw data for the simplest case (point count), 
and draw tentative inferences from the wholly unjustified relationships given for the simpler 
geometries.
23 SPECIMEN PREPARATION
This particular aspect o f materials evaluation is often considered trivial and taken for 
granted. Here we review some o f the techniques in general use, and present some ideas for 
modification in the light o f these aspects, by which statistically better and esoterically more 
standardised results may be obtained.
233  Melting
Several problems are apparent here: the volatilisation o f  constituent compounds [159], 
the introduction o f  water to the melt (borax, Na2B4Î>7, is found to contain 2 wt %  water at its 
liquidus temperature under atmospheric conditions [160]), and the dissolution o f the crucible by 
the glass itself (platinum, for example, is readily dissolved by melts having a high alkali
oxide/halide content).
5 5
2 3 3  Annealing
Examination o f the literature shows steep viscosity-temperature characteristics to occur 
in sodium tetraborate (borax)-based glasses [72,91], which when combined with values o f  linear 
thermal expansion coefficient [72,161], leads to the inference that very precise temperature 
constraints must be imposed to obtain large blocks o f glass in this system. The reason for this is 
that the stresses caused by the expansion mismatch upon non-uniform cooling o f the block to the 
annealing temperature will undoubtedly be comparable with the critical stress value necessary 
for fracture [22],
233  Nudeation and Crystallisation
When the kinetic barriers within a fluid favour crystallisation [162], the starting points 
(nudeation centres) fall into three categories: namely homogeneous, heterogeneous and surface 
nudeation. From the viewpoint o f the commercial production o f  an artide, probably the 
optimum and most reproducible physical properties are obtained in the above order.
In general, homogeneous nudeation is not observed for the majority o f glass systems. 
Here the sites are distributed uniformly throughout the network on a microscopic level. More 
often localised concentrations o f a more readily crystallising phase may be observed, giving rise 
to heterogeneous nuclcation. This may be introduced artificially into less readily crystallised 
glasses by the addition o f trace quantities o f "nudeating agents* to the starting composition. The 
microscopic mechanisms assodated with nudeation in general are complex and not well 
understood. Qualitatively, there are two main types o f nudeating agent. Either a dispersion o f 
metallic granules may be created or a microscopically small second glass phase which crystallises 
readily [163]. Larger crystals may then grow on the facets o f  these nudeation sites, or at the 
stressed interfaces o f  the second glass phase itself with the main matrix, although the concept o f 
this latter mechanism has not been extensively studied.
Whilst the first two possibilities can produce a fine grained, evenly dispersed crystalline 
sub-structure within the finished artide i f  the appropriate heat treatment schedule is employed
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(the underlying reasons can be more easily understood by reference to Figure 2.23), the latter 
category, surface nucléation, leads to an overall reduction in physical properties and a generally 
unsightly appearance. Here the material is very poorly nucleated and the crystallites are free to 
grown in an uncontrollable manner, often forming large spherulites; the dendrites from which 
extend into the bulk to give axial non-uniformity in properties and a central depletion volume, 
known as piping. Probably the greatest single cause o f this phenomenon is water [164], with 
other more widely publicised culprits, such as dust particles [11] and surface stress gradients 
coming a poor second.
Obviously from the above, albeit brief, overview, the value o f kinetic evaluation o f the 
nucléation and crystallisation properties o f  a material is immense. Much o f the work in this field 
has been on heterogeneous crystallisation catalysts performed by James [163-165] on lithium 
silicate-based glasses, an excellent vehicle towards a fuller understanding o f  this important 
aspect in the production o f high quality commercial products.
23.4 Polishing
Although again frequently taken for granted, the measured properties often reflect the 
way in which an article is finished. There is increasing evidence that the compressive surface 
stresses introduced during polishing give rise to an increased resistance to mild chemical attack 
and possibly greater observed mechanical strength. For instance, work performed on the 
degradation o f  sodium g -alumina in the environment that might be expected in service in the 
sodium-sulphur cell [5] has shown that fine (~  K iitn) polishing increases the time before the 
formation o f dendritic sodium can be observed.
However, dissolution studies on optical glasses using water [166] have shown no 
dependence upon surface preparation. In the latter instance, it is postulated here that the 
effects o f a pre-stressed surface would only be observable in cases o f low corrosion rates, since in 
the case o f a high dissolution rate, the chemical resistance itself is being examined and not the 
subtle microscopic variations characteristic o f the reaction surface itself. Furthermore, in 
strength-oriented investigations using Vickers indents, a 50 jim  compressive surface layer has
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been shown to enhance the breaking strength o f a commercial glass-ceramic by -  30% [167]. 
Therefore, it is felt that a realistic appraisal o f the extent o f this damage in strength specimens is 
valuable, so that accurate and meaningful estimates o f bulk strength can be obtained. This
Abrasion in the first instance may be thought o f  by consideration o f the concept o f 
forcing a single sharp probe along an initially pristine surface. This will lead to the production o f 
a modified planar version o f the cracks and associated stress fields that might be expected from 
a sharp (e.g. Vickers) indenter (Figure 2.17).
For many years the understanding o f the polishing mechanism followed similar 
reasoning. The microscopic 'ridges* were thought to Sow into the troughs', creating regions o f 
a new  material phase, as indicated in Figure 2J2A. This is known as the Beilby layer. A  fairly 
recent article [166] has examined the polishing mechanism in more depth for a selection o f 
optical by conducting an investigation o f the variation in removal depth with changes in
softening temperature, resistance to chemical attack and micro-hardness. Since the removal rate 
was not seen to be a strong function o f softening temperature or chemical resistance Izumitani 
rejected the flow and plastic deformation theories. However, the concept o f the Bcilby layer was 
adopted since it explained the reappearance o f surface scratches on a highly polished surface 
when lightly etched, which would also appear consistent with the plastically-deformed 
sub-surface idea. The conclusions made from this work indicate the principal material removal 
mechanism to be the creation o f a ’ soft* surface layer by the action o f the lubricant employed, 
which can subsequently be more easily removed by abrasion. The author is in little doubt that the 
above results and conclusions are sound, but feels that the argument may obscure a full 
description o f the surface after polishing, since this work unfortunately did not examine the 
surface properties after preparation with the same rigour as the behaviour during polishing.
More recent work based on metals [168] has favoured a plastically deformed 
sub-structure argument indicated in Figure 2£5a, to rewrite the standard explanation, and
replace the old criterion for polishing with successively smaller grits; namely removing the
Initial surface. Arrows indicate direction 
o f  material flow during polishing.
Surface  a f t e r  polishing. BeUby layer shaded.
Reappearance o f  scra tch es a f t e r  etching.
Figure 2.24.
The classical Interpretation 
o f  polishing damage via the 
Bellby layer.
Defomatton regions given by Elastic-plastic 
theory
Def or notion regions produced 
using accepted polishing criterion.
Figure 2.25.
Explanation of a new polishing 
criterion using an 
elastic-plastic theory.
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scratches left by the previously used larger particles, by polishing with the ’old’  grit for a 
significantly longer (unspecified) time. A  modified criterion is postulated here for brittle solids, 
««Cuming rhr plastic stress field to extend into the material to a depth a, o f  the order o f the
b, o f the same order again. (This is validated by reference to Figure 1 in reference [167].) That 
is to say, an additional depth equal to  the ’ old” particle size requires removal after the first
techniques is illustrated in Figures 2.25b and 235c. These block diagrams indicate the build up 
o f the stressed layers by showing the appropriate limits o f a (the plastic zone) and b (the 
elastic-plastic zone) as the polishing progresses to finer abrasives. A  high density o f lines 
therefore indicates a high compressive surface stress. This compression has been investigated 
more fully by Johnson-Walls et aL [169]. Here, thin plates o f  brittle materials were prepared by 
highly polishing one side flat, and mounting upon a rigid bed prior to machining the other side 
with a coarse diamond wheel. The resulting curvature observed on removal was attributed to 
residual surface compressive stresses on the machined face. Therefore, the ’ old’  polishing 
criterion is tantamount to the production of a significant compressive surface stress, where the
statistical correlation with a lower mean strength in a standard stress-to- failure test.
2.4 AIMS O F THE THESIS
Following the foundation work by Badzioch [8] and Daniels [9], where fixed frequency 
conductivity measurements were made as a function o f temperature, the results were felt to be
Therefore a superior working composition was to be produced, and the most
observed disappearance o f the The difference between these two
The primary vindication of this concept would be in the enhanced
sufficiently to attempt to categorise those materials mechanically. This next step
production to sodium 0 ’ -alumina as a solid electrolyte would involve
o f the crystallisation/microstructural for conductivity and
towards an
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Moreover, to show the anticipated superior properties o f haloborate-based 
glass-ceramics to sodium 0 "-alumina, work o f high intrinsic value, as well as o f commercial 
importance, must be performed. One particular aspect o f  this prerequisite was to attempt to 
determine the reasons behind the unique observation o f  a higher measured coductivity for 
haloborate-based polycrystals than for the corresponding glass. This would require an extensive 
database to supplement the conductivity data obtained by Badzioch [72] for a variety of 
cation-halide dopants. Ideally, measurements should be made in an environment that simulates 
the eventual working conditions o f  the material, but this raises both safety problems and 
unnecessary experimental complexity for this stage o f system development. As a result, only 
limitwt studies o f  rh<<= kind have been performed. In general, "inert" environments were used 
where possible for the experiments reported here. Previous work has shown measurable effects 
to occur in the use o f some gaseous environments during conductivity studies. The presence of 
oxygen was therefore avoided since some work has postulated a degree of oxygen ion conduction 
in a similar glass system [171], although disputed in later work on oxygen diffusion in the same 
system [172]. However, it is the sodium ion which is thought to be the principal charge carrier in 
the systems to be examined in this work [6.7.9]. The strategy adopted here will involve some 
measurements consistent with previous work, and the examination o f the conductivity variation
In the case of mechanical strength, the behaviour o f  cracks in the materials under test at 
room temperature in an inert (o il) environment is also assumed to provide some indication of 
performance under actual service conditions.
Probably the most intrinsically useful strength measurement for a macroscopically 
homogeneous test piece is the biaxial method, which will be pursued with some vigour. In terms 
o f engineering  parameterisation, the notched beam test is favoured for toughness
To remove the possibility o f  interference in the strength tests from the compressive 
stress introduced during "wwwfntifwi«l" polishing, ttm technique described in section 23.4 will be 
adopted at all times, unless specifically stated otherwise.
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CHAPTER THREE 
EXPERIMENTAL AND RESULTS
3J PREPARATION
3J J  Glass Melting
The glasses used in this work were prepared from intimately mixed powders o f the 
starting materials. For the borax-based materials, glassy anhydrous borax (Dehybor), supplied 
by Borax Research Ltd. was used in the batches, for convenience and to maintain a lower 
melting temperature. Badzioch [170] has shown an equivalence in conductivity behaviour 
between "Dehybor'-containing glasses and glasses formed using more elementary starting 
materials (Le. boric oxide/boric add  and sodium carbonate). Differences could have arisen due 
to the possibility o f retention o f  the water and carbon dioxide volatilisation products in the 
’ elementary” glass. A  typical analysis o f impurities present in 'Dehybor’  is reproduced in Table 
3.L For the other additives, only analytical grade reagents were used. The batches were melted 
in zirconia grain stabilised (Z G S ) platinum/gold and platinum/rhodium crucibles in an electric 
furnace at -  90CFC, at which temperature the melts were seen to be very fluid.
The casting o f large blocks o f glass was initially hampered by the devastating
different temperatures, various annealing temperatures, and changing the time between pouring 
and annealing. Remelting the failed product was found to be impractical due to an observed 
"memory effect" [12]. A  previously crystalline cullet was found to crystallise far more readily
selection o f "wet" chemical analyses o f the final products (performed by Borax Research Ltd.) 
shown in Table 3 2  In  an effort to parameterise this loss with melting time, samples o f a 
CaB4<>7-CaCl2 melt (one o f the first systems to be investigated in this work) were extracted and 
"wet" chloride analyses kindly performed by Mr H  J. Mathers. A  graphical representation o f this
Table 3.1 Typical Analysis of Borax, Na^By|0? (technical 
grade dehybor) [1731
Compound Percentage by Weight
Na20 30.7 Z
»2 °3 68.9 Z
h2° 0 .3  Z
f . 2o3 0.009Z
s i ° 2 0.15 Z
*12° 3 0.08 Z
CaO 0.013Z
MgO 0.05 Z
so42- 0.025Z
Theoretical Composition
Na20 30.80 Z
69.20 Z
Table 3.2 "Wet" Chemical Analysis o f Some Chloroborate Melts
Composition 
as Made
Composition 
as Analysed
S‘ 2 \ ° 7 0.94Na20.2B203
0.9Na2B407.0.1NaCl
0.95Na20.2B203.0 .032NaCl. 
»  0.9Na2B407.0.03NaCl
0.8Na2B407.0.2NaCl
1.03Na20.2B203.0 .37NaCl. 
a 0.8Na2B40?.0.15NaCl
0.7Na_B.0 ,.0 .3NaCl 2 4 7
0.80Na20.2B203.0 .36NaCl. 
= 0.7Na2B407.0.14NaCl
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data is shown in Figure 3.1. The chloride loss may be due to one o f  two mechanisms: 
3NaC3 +  B2O3 -» BCI3 +  Na3BC>3
l+H jO
B2O 3 +  3HCIT [174] (3.1)
4NaCl +  0 2 *  +  2B2O 3 -* Cl2t+  4NaBOz [175] (3.2)
A  similar problem o f  cracking in this glass system has also been encountered by other 
workers [176]. The solution, found after considerable effort, was to cast large (~  2* $) 
cylindrical blocks, which reduced the stress concentration at the comers, and hence the number 
o f crack nuclei The only cracking now in evidence was around the cylinder base, with 
occasional circumferential cracks on the main body. The steep thermal expansion and viscosity 
temperature characteristics were still in evidence, characterised by the appearance o f a ’dimple" 
on the top surface o f the cylinder during cooling in the mould.
One further point o f  interest was the peculiar appearance o f the melt during cooling. 
From the onset o f pouring the yellow-coloured liquid into the mould, the presence o f two 
distinct types o f material are indicated by the formation o f fairly large (~  2 mm x 10 mm) 
reddish glowing regions within the yellow-tinted bulk material. This phenomenon persists down 
to just above the annealing temperature, where an overall colourless appearance characteristic 
o f a single phase glass can be seen. The specimens appeared to show no subsequent stress 
birefringence [177], but the different regions frequently reappeared on sections through the 
cylinders, being highlighted by a light etch in air, moderate abrasive surface damage or 
devitrification, shown in Figure 3.56a. The absence o f prestressing therefore presupposes this 
effect to be based in a compositional variation. No mention o f this behaviour in what is 
conventionally referred to  as a single phase glass can be found in the literature, although 
borate-based glasses appear to be notorious for phase separation [171].
For compositions approaching the o f the gt»»« forming region, crystallisation also 
became a problem, generally nucleating at the rim o f the crucible in contact with the meniscus 
during melting, presumably from the condensation o f volatilised material from the melt onto the
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crucible. The inherent crystallisation within the mould was prevented by allowing the glass to 
precool slowly in the crucible before pouring. The mechanism may be thought o f as reducing 
stress-induced crystallisation within the mould, as well as cooling the crucible rim and hence
successfully applied to other difficult glass-forming systems [178].
A fter performing a cursory check for the absence o f residual stresses via observation o f 
stress birefringence, the bulk glass was machined into specimens and, after visual rejection o f 
damaged samples, subjected to heat treatment schedules.
3.1.2 Nudeation
Numerous trials to find an optimum heat-treatment schedule for the base glass, 
Na2B4(>7, were carried out, using both bulk glass specimens and hot-stage optical microscopy. 
In all cases the crystallisation was seen to be surface nucleated, in the form o f spherulites 
penetrating the bulk glass (Figure 32), leading to the production o f pipes in the final form 
(Figures 3.54a, 3.59). It was found that the presence o f an "inert" powder surrounding the 
specimens leads to  the production o f a finer-grained surface microstructure. A  series o f 
rectangular blocks o f  glassy borax were prepared having an 800 grit surface finish and all sharp 
edges bevelled. The specimens were then surrounded in dried silica and alumina powders o f 
different partidc sizes on a dean, high alumina firebrick prior to  heat-treatment. The effect 
upon the crystallisation process is shown in Figure 33. For the samples immersed in the 
finer-grained powders, the surface comprised a high density o f small crystallites with no change 
in dimension. A s  the powder partide sizes increased, the specimens were seen to have 
expanded, leaving a thin (~  Yi mm thick) crystalline crust on the surface o f  the alumina-coated
Upon examination o f a section through these specimens, large ( <  1 mm 4 )  bubbles
mismatch between the glass and the limited crystallisation from a single nucleus. No 
crystallisation was apparent for the specimen not surrounded by a powder used as a control. As
reducing the activity o f these secondary The above technique has also been
were observed. With the highest powder partide sizes available, very o f the
glass was observed, with cracking o f the block
Flguro 3-2. Hot stage mlcrograpn showing poor 
nucléation and spherulitic growth 
in glassy borax.
The effect of particle size and cheaical composition 
of the surrounding powder upon the nucléation properties 
of glassy borax.
Figure 3-3.
The effect o f lurface particles upon 
nucléation o f  Na:B407 (lass.
SiOj
AI2O3
lj! Lrro,
Powder size. Particle size range (Aim)
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a consequence o f this microstructure biaxial strength measurements were not thought to produce 
additional physical insight and subsequently rejected. Therefore, individually-machined 
specimens were exposed to th* heat treatment srhfrinlfts prior to margining and measurement.
It soon became apparent when this procedure was repeated with sodium 
chloride-doped glasses, that the nucleation density was vastly improved, although the devitrified 
materials still crumbled relatively easily under finger pressures. Therefore, bar specimens having 
a standard 300 grit finish were prepared from glasses containing different concentrations o f the
alumina spacers in tiers prior to heat treatment to increase the thermal mass, thereby ensuring 
an equivalent heat treatment schedule for each series o f 'dopants’ . This comprised dwelling at 
420*C fo r  3 h to relieve any surface strain introduced during machining and 500*C for 4h before 
cooling to  room temperature, all temperature ramps being 4*C min'1. The progression o f the
been removed and air quenched at different times during the operation.
Several features should be noted from these figures:
a. A ll specimens appear to devitrify rapidly once some crystal growth has occurred.
b. Despite the consistent surface finish and heat treatment schedules, the devitrification of 
glassy borax (used as a control) was found to be irreprodudble. 'Complete conversion’  to an 
opaque polycrystalline solid was found to occur at different points between the rise from 420*C 
to 500°C and holding to 500*C for 30 mins. This anomaly may be due to  different concentrations 
o f surface water that could have been unknowingly introduced in the sample preparation 
process. An  experiment was carried out to investigate the effect o f  water several rectangular 
pieces o f  glassy borax were ground to an 18 it m surface finish with champfered edges. These 
were then exposed to moisture sources for different times in an effect to determine the
of the storage techniques prior to heat The
H o i r .  3 . « .
Nucléation studies of glassy borax uaing NaCl.
Nucleation studies of glassy borax using PgOg.
F ig u r e  3 . 5 .
I M  6
1 | 'I £4hr*-- slow cool

Nucléation studies of glassy borax using Pt.
M g g  3.7.
Figure 3«8. The effect of pre-exposure to water upon the 
crystallisation behavior of glassy borax.
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crystallisation behaviour to ’ as polished* specimens. Since water has a definite effect upon 
crystallisation (see also (1641) then the storage techniques appear to be adequate. However this 
data does not explain the above inconsistency.
c. Addition o f 10% N a d  appears to stabilise the system, whereas further additions 
produced more rapid devitrification: the 30% dopant level is not truly representative, since a 
large piece o f glass could not be formed; devitrification always ocurring within the bulk upon 
pouring from the melt.
d  For the P2C>5-doped specimens, it would seem that a darkening o f the glass occurs as a 
precursor to crystallisation. The effect becomes less marked towards higher P2O 5 
concentrations, both in terms o f elapsed rim* in rh»g ’ intermediate state*, and in the final 
result, changing from a highly porous polycrystalline mass to a "redistributed" glassy material via 
a surface crystallised glass. The observed viscous Dow increased the difficulty in the preparation
e. In the case o f 1102, the time at which crystallisation occurs appears to follow an 
approximate exponential trend with concentration.
f. For Pt, the glass stability appears to maximise at approximately lO"4 mol %  Pt addition, 
in a manner analogous to the observations made using P2O 5-nucleated specimens.
The specimens were t^ n  mounted in plastic and polished c^r-rinne examined »sing 
electron microscopy. A  selection o f  the photographs taken are shown in Figure 3.9. Whilst the 
appearance is asthetically pleasing, the micrographs are not representative o f the crystallisation 
process since a freshly polished specimen did not display these features, and must therefore be 
attributable to etching by atmospheric moisture.
A  limited study o f etch treatments was carried out using distilled water under ambient 
conditions for different immersion times, but as the micrographs in Figure 3.10 show, the results 
were not sufficiently encouraging to promote a thorough investigation o f the nucléation and
growth process on this basis, although apparent for very 'mild* etches.
Figure 3.9b. Closeup showing 
hexagonal nucléation sites 
with dendrites.
Figure 3.10a. General view of freshly-polished specimen, 
for comparison.
Figure 3.10b. Closeup, showing no 
crystallites.
structure surrounding
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The problems outlined above were not encountered by Daniels [9J, who obtained fine 
grained bulk nucleated specimens for sodium chloride doped glasses using a similar heat 
treatment schedule.
Although nuclcadon tended to occur more in the bulk in these glasses, the overall 
resistance to finger pressure diminished compared with that o f the recrystallised base glass, 
making preparation for strength tests more difficult.
3 03  Machining
T o  conserve materials during machining, (in order that properties from a single melt, or 
indeed a single block o f glass might be determined), a thin (0.004 inch/' 170 Mm), 
diamond-coated (200 - 400 grit) high speed annular saw blade was employed for sectioning the 
material in an ’ inert’  oil [179] environment. (This machine was also used to introduce the
block using a suitable mounting wax with a melting point -  160*C [180]. This is a significant step 
in the overall thermal history o f the specimens both from the point o f view of stresses caused by 
the high thermal expansion coefficients and the low Tg values (~  450*C ) found in this glass 
system. (For good contact to exist between glass and wax, the glass must be raised to a 
temperature close to the melting point o f the wax, which corresponds to ~ 60% o f the absolute 
T g  value. By reference to the sintering criterion stated in Chapter 1, flow, and hence 
microscopic rearrangement, may occur at these temperatures).
A fter removal o f the wax using 1-1-1 trichloroethane (a  non-water containing  solvent), 
the specimens were heat treated using the schedule described in section 3.13. However, very 
poor crystallisation occurred for the glasses having higher concentrations o f P2O 5 and T1O 2. 
Therefore an extended heat treatment schedule based on previous experience was employed to 
obtain higher concentrations o f the crystal phase.
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The T1O 2 specimens were subjected to a 3-stage heat treatment, the final stage being 4h 
at 590*C. This was felt unwise for the P2O 5 containing specimens due to the flow previously 
observed (Fig 3.5). Therefore these specimens were held for a longer time (44 h) at the upper 
temperature o f 500°C. The 5% doped P2O5 glass appeared to remain stable and so no further 
heat treatments were attempted for i t  The specimens were then ground flat within 5 x 10*5 inch 
(~  2 j*m ) using a Jones-Shipman surface grinder with white paraffin as lubricant (to  eliminate 
stress corrosion effects) before fine hand polishing to 800 grit ( ~ 18 jim ) using silicon carbide 
discs and an oil-based polishing Quid [181]. The criterion described in section 2.3.4 was used, 
and repeated on all sides. A  T  square was used to ensure "square" faces during mounting and 
final checking Any specimens found not square (by eye), or differing from the mean dimensions 
by >  10 jim  were discarded.
3 2  CONDUCTIVITY
3.2.1 Fixed Frequency Measurements
This apparatus, favoured by Borax Research LttL, is a multi-purpose arrangement for 
the melting, heat treatment and conductivity measurement o f glasses. A  schematic o f the 
essential features is given in Figure 3.11. The batch is first melted in the graphite crucible under 
an inert oxygen-free nitrogen atmosphere, and after thorough stirring using a graphite rod, the 
rod is placed centrally in the apparatus as indicated in the figure, to act as one electrode in the 
ensuing measurement stage, the other being provided by the crucible. Once the melt has cooled 
to a more rigid form, the drive voltage is applied and measurements initiated. The time at which 
measurements are begun must be considered carefully to prevent additional complications from
Figure 3.11.
Schematic of the conductivity 
arrangement used at Borax 
Research Ltd.
For this equipment, the 
resistivity p is given by
where R is the measured 
resistance, l the depth 
of the melt, and a and b 
the radii of the Internal 
and external cylinders 
respectively.
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3d orbitals [17]. Furthermore, the ionic conductivity contribution to the overall measured value
well-documented phenomenon known as the allruli effect.
Although a quantitative parameterisation has been made by Tomandl and Schaeffer 
[182] using a modified Nernst-Einstein equation, the underlying physical interpretation still 
remains under debate. The original concept o f modelling glass systems to a strong electrolyte 
was opposed by the excessive 'blocking’  requirements o f the minority cation. However, by 
introducing a postulate o f  conducting pathways similar to those presented for superionic 
conduction, very few minority ions are required to inhibit free motion o f the conducting species. 
Experimental evidence is available to support this latter hypothesis. A  recent review reflecting 
current thinking and the applicability o f the popular models at the time o f writing has been 
published by Ingram [183]. A  new interpretation, in terms o f the strained-mixed cluster model 
o f Goodman [14], was also presented.
As  can be seen from the Arrhenius plots shown in Figure 3.12, a "hysteresis* effect is
[20]. However, this behaviour may also be attributed to the technique itself
a cooperative local structure rearrangement, due to  a possible combination o f electrically
The above mentioned hysteresis effect should be considered when looking at the effects
may also be affected by the network distortion from the ions. This is a
(volatilisation or rately led thermal gradients within the specimen), or perhaps
of different M nQ2
produce the plots shown in Figure 3.13.
0.1 eV  it is only the pre-exponential factors that prevent these
classified as FICs.
a aeries o f maxima which would appear to preclude the possibility o f :
behaviour. The possibility o f
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electronic conduction is apparent via the overlap o f the 3d electrons in the manganese ions, 
which is responsible for the ferromagnetic behaviour in manganese metal [17]. The verification 
o f electronic conduction could have been performed by electron spin resonance (ESR ) or a 
Tubandt experiment (section 3.2.4), but these techniques were not available for experimentation. 
Further investigations o f this glass system were impeded by the possibility o f free manganese 
metal in t*1*- molten g l » «  forming an amalgam with the platinum-based crucibles used for 
melting and D .TA . Glass preparation in graphite or alumina crucibles used at Borax Research 
Ltd. was thought to be impractical due to dissolution o f the crucible materials into the melt, 
thereby changing the measured properties. This would not be readily observable in the case of 
alumina, whereas platinum dissolution, for example, is highlighted by a grey discolouration in the 
final glass.
Additional information from other macroscopic techniques was not obtained due to the 
observed inhomogeneity o f the samples when finally poured. The cause o f this was the inclusion 
o f small white lumps o f boron nitride powder arising from the break up o f the insulating disc. 
NM R was considered impractical due to the short T j  caused by the high concentrations o f 
paramagnetic ions in the specimen [73].
3.2.2 Time Domain Techniques
This technique, as with all the following conductivity techniques to be described here, 
favours the evaluation o f the electrical properties o f a machined block o f material having a 
well-known thermal history.
The measurement system comprised a virtual earth amplifier in a capacitor 
compensated feedback circuit, having a detection limit o f 10~*3 A. The capacitor was used 
primarily for "timing* purposes by minimising the time constant o f the measured current decay, 
to make a first order correction for the capacitance inherent in the system, although "pure 
resistive" behaviour could not hope to be achieved due to the additional capacitances associated 
with the relaxation mechanisms within the specimen itself. This may be visualised by reference
to  th e equ ivalen t c ircu it represen tation  o f th e system  p resen ted  in  section s 2JJb  and 23 .1c.
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T o  provide an estimate o f the equivalence o f the specimen response to different polarity 
voltages, the drive voltage was switched at a rate determined by an externally applied ’ dock’  and 
the current flow in each direction measured. The dock input was taken from the square wave 
output o f a signal generator. To obtain more meaningful data by waiting for longer times before 
reading the asymptotic "dx.* current flowing, the input was used to dock an 8-bit counter, the 
output from which was used to trigger the applied polarity switch (Le. divide the frequency by 
256). Despite this, the voltage in a given direction was only applied for - 6  s.
As stated above, the detection limit o f  the amplifier was 10* ^  a , which when 
considered with respect to the 10 V  drive voltage and typical specimen dimensions, gave an 
upper resistivity limit o f  <  lO1^  O cm, although values in excess o f this have been reported [184]. 
The attainment and assessment o f the lower resistivity limit required to examine the more highly
scale measured current was decreased to a sensitivity o f 1(T® A, whereupon the ’ resistance” 
sensitivity was changed by decreasing the drive voltage. Non-linear effects were not observed for 
the measured specimens, shown by later modifications to provide control over applied voltage
The criteria governing the size o f the electrodes applied to the specimen followed as 
closely as possible the work performed by Amey and Hamburger [185]:
rj/h > 2
for the arrangement given in Figure 3.15. This leads to the analytical expression for the bulk 
resistance R:
(13 - rjVh > 2 (3 3 )
D/r0 < %,
"(r0 - ^ b < c o 'h Jÿ y ?
(3.4)
E lec trod e  2
E lec trod e  1 (Guard e lec tro d e .
Figure 3.15.
Electrode geometry 
presented by Amey 8< 
Hamburger [185]
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from which the volume resistivity p may be obtained. However, upon consideration o f the 
physical characteristics o f some o f the specimens (Le. the poor nucleation properties o f the 
devitrified material), these conditions were violated by choosing large specimen thicknesses. 
The reason for this was that the measurements performed on the devitrified materials would be 
more physically meaningful i f  the measured current has flowed through a distance o f more than 
one crystal (spherulite) diameter. Unfortunately the existing cell would not permit larger 
diameter specimens to be used to obey the criteria in equation 33. Therefore the specimen 
resistivity was calculated assuming an approximate electrode area, o f the mean between drive 
and working electrodes.
(35 )
The essential features o f the working conductivity rig are illustrated in Figure 3.15. Although 
the system voltages appear to be well isolated electrically, a significant noise problem was 
apparent, as could be readily observed by the wild oscillations o f the front panel moving coil 
meter, when the initial maximum gain setting (x 10^ ) was used. This persisted, despite 
painstaking and time consuming efforts to eliminate this by electrostatic screening and the 
isolation o f possibly more distant sources o f noise. The most obvious source o f noise, namely the 
furnace and controller, were found to be remarkably noise free, the furnace comprising a 
well-made commercial non-inductively wound element. The eventual cause was attributed to the 
amplifier itself, since it has a minimum input current requirement (~  10*14 A ),  below which it 
will cease to operate. Therefore the maximum practical resistivity measurement was taken to be 
<  1014 O cm.
T o  maintain consistency with earlier work, the electrodes applied to the specimen were 
o f sputtered gold, followed by a layer o f painted silver dag to reduce the mechanical surface
Results obtained from this arrangement were compared with a 'standard*, taken to be
P ilk in gton 's  flo a t glass. T h e  agreem ent obtain ed  from  a num ber o f h ea tin g and coo lin g  cycles is
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shown in Figure 3.16. Encouraged by this, further experiments were performed on the 
previously characterised CaB4C>7-CaC32 system o f materials. For the glasses, good agreement 
was indeed obtained, but a systematic decrease in resistivity values for the first measured 
glass-ceramic was seen with each subsequent run, as shown in Figure 3.17, the material having 
changed colour from white to grey-white upon removal. This was attributed to silver ion diffusion 
along the grain boundaries but an Energy-Dispersive X-ray Analysis (E D A X ) in the SEM o f the 
sectioned specimen showed negligible silver content with increasing depth into the sample, as 
shown in Figure 3.18. Previous work had shown an apparently random 'hysteresis" effect with 
successive runs [9], once again in keeping with well-documented F1C systems [20]. 
Unfortunately, a repeat experiment using sputtered gold only as the electrode material resulted 
in the absence o f an exponential current decay, the current no longer attaining an asymptotic 
equilibrium value at long times (Figure 3.19a). This was thought to be due to the "discharge" o f a 
second capacitive element in the equivalent circuit, and so the decision was taken to modify the 
existing measurement system to monitor this feature more fully, with the object o f analysis using 
standard time-domain techniques [34].
Since the analysis o f the current decay requires a Laplace transform, the decay was 
provisionally measured with a chart recorder, with the view to  transferring to full digital 
acquisition in the event o f sufficiently encouraging results using a BBC microcomputer with 
either a fast external A/D converter connected to the 1 M H z bus or its own, somewhat slower, 
internal A/D’s. For the float glass standard, traces similar to the schematic in Figure 3.19a were
shown in Figure 3.19b. This produced the expected exponential decay for the measurement 
stages over the working temperature range, which could be qualitatively fitted to the response o f 
an equivalent circuit comprising two parallel R-C networks, the analysis for which is reproduced
in Figure 3.20 was only performed at lower
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Figure 3.16. Arrhenius plots for Pilkington's float glass 
(used as a standard in the "d.c." and time 
domain spectroscopy measurements).
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F igu re  3 .19a. G lass-ceram ic  specim en, 2  s ta g e  p o ten t ia l fu n c t io n .
F igure 3 .19b. P llk in g t o n 's  f l o a t  g la s s ,  9 s ta g e  p er io d ic  p o t e n t ia l .
Figure 3.19c. Glass-ceramic specimen, 4 stage periodic potential.
Increasing temperature
F lo a t  g la ss  23°C. Low 
frequency reg ion  f i t t a d  
va ry  w a ll,  although 
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to  b a tta r  o v e r a l l  agraemant.
F lo a t  g la ss  23°C.Hara, 
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f i t t a d  w a l l ,  d i »regard in g  
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valuas show agreement in  
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e qu iva len t c i r c u i t  a t  
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agreement.
F lo a t  g la ss  40°C. Good 
o v e r a l l  f i t ,  suggesting 
th a t the e le c tro d e  
con tribu tion s  have merged. 
Values obtained  would 
appear to  agree w ith  
p rev ious determ ina tion s.
Figure 3.20. Illustration of some data fitting trials from
time domain studies of Pllkington's float glass.
-  7 2
reproduced, shown schematically in Figure 3.19c. Various modelling strategies were attempted 
to duplicate this phenomenon on a computer, but without success.
L  T o  further modify the existing rig to a complete time-domain setup as indicated 
above, with a fast A-D  converter and on-board R A M  to obtain the response very soon after the 
initial voltage pulse, (since the BBC computer contains insufficient memory for the projected 
size o f  the acquired data (40 K  bytes)) combined with a dedicated microprocessor for
times). Furthermore, new software would have to be developed to model and analyse this data. 
It must also be realised that such an unusual response, the like o f which does not appear to have 
been reported in the literature, may be a characteristic o f the cell or the measurement system.
2. T o  build a completely new
In view o f the complexity required to further modify the "old" system, the decision was 
made to sacrifice the insight that time domain spectroscopy may offer in the attainment o f "d.c." 
conductivity values, in favour o f the easier interpretation afforded by a frequency domain system.
provide a for this
3.23  Frequency Domain Dielectric Spectroscopy
Prior to the design o f the equipment described here, comparison was made o f three 
conductivity measurement systems, all o f  which employ different aspects o f the acquisition 
techniques embodied in the complex admittance method, and so exhibit varied cell geometry 
and temperature control mechanisms. This was carried out in order that the optimum features
may be chosen;
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These rigs were based in active University research groups, at the Royal School of 
Mines, Imperial College, led by Professor B.C.H. Steele, the Department o f Glasses, Ceramics 
and Polymers at the University o f Sheffield, led by Professor J.O. Isard, and the Department of 
Physics at the University o f Warwick, led by Dr. M J A . Smith.
The essential features o f the arrangements are summarised briefly below;
A t Imperial College, the cell is constructed entirely o f recrystallised alumina (A I2O3), 
and lies on a horizontal plane. The specimen is held vertically on the supporting base o f the 
external screening by a delicate platinum spring-loaded contact, which serves the dual purpose 
o f the drive and measurement electrodes. A fter fitting the outer alumina heat shield, the 
assembly is fed into a horizontal tube furnace. The result is a compact cell with a low thermal 
mass, which would require careful estimation o f the thermal gradients and accurate temperature 
control for measurement stability. The electrodes applied to the specimens, mainly oriented 
towards FICs such as zirconia (Z 1O 2, an oxygen ion conductor) and zeolites, were o f platinum 
applied as an organometallic paint and fired at -  500° C to leave a metallic surface layer. The 
screening around the lead-throughs for the connecting wires was achieved in the same way.
The conductivity was measured, displayed and preprocessed for several simple 
equivalent circuits by a Z ilog Z80 microprocessor interfaced with a Solartron 1174 frequency 
response analyser, having a working frequency o f 0.1 mHz to 10 MHz.
This differed from the setup adopted at Sheffield in that the emphasis placed here was 
upon overall thermal stability. The cell material was oxidation resistant stainless steel, with 
vitreous silica spacers as the electrical insulating material. Having a larger thermal mass and 
conductivity, temperature stability presented less o f a problem. The deployment o f 
spring-loaded contacts for the external electrode connections was again in existence, although
this time a vertical cell was used. Measurements were performed by a bridge-based technique,
-  Vt -
Finally the Warwick system, in the author’s opinion one o f the most versatile and 
accurate available [203], comprises some complexity in its current developmental state. Since 
the materials under investigation are mainly polymer dielectrics for the semiconductor industry, 
lower measurement temperatures (~  -200* C  - 350* C ) are required and so the main 
constructional material is brass. The initial in and out o f phase signals (*0* and *90") are tuned 
using a "dummy* cell that is mechanically and electrically similar to the actual measurement cell. 
The output obtained from the measurement cell due to an initial ”0’  signal is subsequently 
balanced with the appropriate proportions o f the "0* and "90* standards using a variable air gap 
capacitor to obtain a "null" at the measurement frequency
The temperature control system is equally complex, using pure nitrogen gas (the forced 
boil-off from a liquid nitrogen dewar) heated to the desired temperature prior to passing 
through the cells, to obtain good temperature uniformity and noise reduction from furnace 
windings.
These and other groups were approached to perform selected readings prior to 
construction o f the ultimate cell, but unfortunately the equipment was unavailable for various
Therefore the system had to be built without the benefit o f experience with other 
working versions. In order to reduce "teething troubles”, it was decided to attempt to optimise 
working efficiency with mechanical and electrical simplicity using experience gained from the 
construction and modification o f parts o f the other measurement system. As a result, the final 
plan was a cell o f the form shown in Figure 3.21, oriented strongly towards the Sheffield system, 
to be driven from a second-hand Solartron 1172 frequency response analyser (frequency range 
0.1 mHz - 10 kHz) connected to a BBC microcomputer to handle the large amount o f il»1»  
produced, which formed the basis o f the setup at Imperial College. Some o f the screening 
techniques in this plan were also incorporated from the Imperial College design.
T o  construct the cell, oxidation resistant stainless steel type 08468 was used for the main 
body, and vitreous silica, kindly donated by Heraeus Silica and Metals Ltd., for the insulating 
spacers. The silica cylinders were machined to size using an Elliot No. S centreless rotary
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grinder, for which a collet had to be made to hold the hollow diamond drill bits used to drill the 
central holes sufficiently accurately prior to internal grinding. A fter machining, all horizontal 
faces were surface ground Oat to obtain well-defined electrode contact areas in the final 
assembly. The spring loaded contact for the drive electrode was manufactured using a nimonic 
steel by Springs o f Coventry Ltd. and has an upper working temperature of 50CTC.
Connections were made to the preamp, using 28 S.W.G. Ni-Cr wire, shielded in 
thermally recrystallised alumina tubing. In order to reduce noise, this was initially screened 
using organometallic platinum paint (donated by Engelhard Ltd. and Heraeus Silica and Metals 
Ltd.) as seen at Imperial College. This was later found to be unsatisfactory due to the 
persistancc o f interference from surface conductivity variations and earth loops at the tube 
connections. A  simpler solution was to enclose the lead throughs in an earthed stainless steel 
tube right through to the base o f the preamp. The drive voltage was supplied in a separate lead 
through outside the arrangement, the support for these connections supplied by the 
thermocouple housing, which fixed the position o f the outer alumina tubes and acted to reduce 
the temperature gradient over the outer screened stainless steel tube.
Following the first high temperature trials, the silica spacers were found to have 
shattered from the stresses created by the higher expansion o f the inner steel electrodes. Since 
the silica provided a means o f centralising the electrodes as well as electrically isolating them, no 
compromise in radial dimension could be made. Instead, the newly machined spacers were 
sectioned into four equal parts to allow free expansion o f the system upon heating, which may 
have sacrificed the upper resistance limit from increased surface conductivity.
It was also found essential to further modify the Sheffield design [45] by eliminating the 
thin-walled drive-guard insulating and centralising collar. This had been found to be 
exceptionally difficult to machine to die required tolerances and much more susceptible to 
fracture from the previously mentioned thermal expansion mismatch. Therefore the new 
sectioned spacers were modified to centre both electrodes using a recess on the lower face.
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The electrical pickup in the measurement system comprised both low and high 
frequency components. The high frequency noise, from the 1172’s internal clock, was isolated 
using a choke, which caused amplitude and phase changes to the "cleaned" output signal. 
Therefore the output was split to drive the cell, and act as a feedback input for subsequent 
measurement.
The low frequency mains pickup was caused by oscillation o f the mains earth from 
nearby heavy electrical equipment, and eliminated by referencing the entire experiment to the 
same earth. This comprised taking all electrical power from a single 3-pin mains socket, and 
connecting the earth at this point to a baseplane, thereby forcing all equipment to exhibit the 
same in-phase disturbance and so preventing amplification o f this into the processed data.
Surprisingly, perhaps, the home-made alumina tube furnace did not contribute to this 
noise. The central tube had been wound non-inductively with about 20 turns o f 18 gauge Ni-Cr 
wire «ring twin bore mullite spacers prior to firing Tricet’  cement on the outside to  fix the 
windings in position. This was then surrounded by a vermiculite packing in a water-cooled steel 
jacket, to provide a high overall thermal mass, and hence good temperature stability.
The FR A  was connected to a computer in view of the number and sporadic acquisition 
time o f the measured data points, and to optimise the measurement time in general. This could 
be achieved in one o f two ways. The first was to computer control the entire experiment using 
an IEEE-488 bus system, however the cost o f the interface to the machines was prohibitively 
high The other alternative was to use the 1180 plotter interface supplied for measurement 
output, and configure the computer in a "listen only” mode. Data was obtained in this way using 
the internal 12-bit A -D  converters in the BBC, with eight measurements taken o f each data point 
to improve statistics. The measurement sequence can be understood by reference to the timing 
diagram in Figure 3.22. Absolute values were calculated from the calibration o f the plotter 
interface performed prior to each frequency scan, and the front panel settings o f  the 1180 
entered at the keyboard. A  BASIC program was written to read data in any o f  the three 
standard formats afforded by the 1180. These "formats" are indicative o f the three ways o f 
representing a complex vector, shown in Figure 3.23. As may be readily appreciated, the
In phase Out of phase
Frequency 
CX output)
Amplitudes 
<Y output)
Pen drop
Data measured 
by computer
Figure 3.22.
Tlnlng diagram indicating 
measurement periods f o r  
th e  BBC microcomputer 
acquiring analogue d ata  
from  a S o la rt ro n  1180 
p l o t t e r  in te rfa ce .
Figure 3,23.
V a riou s  re p re s e n ta tio n s  o f 
input and o u tp u t  v o lta g e s  
in a.c. measurements.
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temperature stability o f the cell during the lengthy measurement sequence must be assessed. 
This was accomplished by monitoring the output from a simple op-amp on a fourth input to the 
A -D  at the start and finish o f the measurement, and converted to a temperature reading via a 
simple BASIC algorithm. The data files generated in this manner were then plotted using a 
general program on a DIG1-PLOT A3 flatbed plotter, and ASCII versions generated for input to 
a FORTRAN77 optimisation program to produce the "best fit" equivalent circuit parameters for 
a selection o f simple, yet physically realistic circuits illustrated in Appendix 1, along with their 
associated impedances. These were calculated using simple ax. theory [91].
Interpretation o f the data was based upon Cole-Cole plots. Whilst other methods (for 
example, evaluation o f the complex modulus [43]) provide greater sensitivity towards other 
aspects o f the equivalent circuit, these were not investigated for the time being, since results 
from the experiments presented here must form part o f an overall equipment and data fitting 
appraisal. As such, more specific investigations o f the relaxations present were not felt to be
The underlying reason for data processing in terms o f impedance rather than 
permittivity is that much o f the current literature appears to be perplexed by the phenomenon o f 
depressed and distorted semicircles in complex permittivity plots. These are generally attributed 
to a distribution o f relaxation mechanisms in the bulk sample under test. However, this analysis 
is felt here to be unnecessarily complicated, since it can be shown (Figure 3.24) that a simple 
combination o f discrete passive components is capable o f producing similar lod  in the complex 
plane. The subsequent assumptions o f the contact area o f the electrodes and the specimen
results from different
In order to examine the practical ramifications o f this hypothesis and test the 
performance o f the equipment a test circuit comprising two parallel R -C units having different 
time constants was constructed. The results are shown together with the theoretical and
optimised curve in Figure 3.25.
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In order to establish that the best values had been obtained, the parameters produced 
by each optimisation were resubmitted to the program until the output values remained
the figure) can be seen, although a series resistance had to  be  introduced into the "black box’  to 
obtain the observed goodness o f fit*. The reason for this was that the experimental impedance 
values were obtained by an inferred current measurement, namely the measurement o f the 
voltage across a standard resistor. This in turn influenced the response o f the test circuit.
It should be possible to exclude the series resistance from the equivalent circuit when 
fitting data obtained from actual specimens, since current is converted directly into a voltage 
input to the 1172 by a virtual earth amplifier
The next test o f the experimental arrangement was to  examine Coors alumina AD-96, a 
standard material used for device packaging.
The electrode material for this and all other specimens was eventually chosen to be 
vacuum evaporated graphite. In order to ensure clearly defined initial electrode contact areas, a 
series o f mild steel 'masks’  were fabricated with appropriate aligning aids. Sputtered gold and 
organometallic platinum were found to diffuse into the specimen upon heating, since the 
coatings were no longer observable upon post measurement removal.
* A  measure o f the fit may be obtained by inspection o f  the low deviation o f the "mismatch
consistent. This process required only two in general. The initial "seed” values were
obtained by fitting the data manually in the first instance, but significant savings in til were
obtained for temperature varying data and compositionally by taking the
optimised values from a previous temperature/s im m  at the o n f  temperature, and
using these as the seeds for the current analysis.
Excellent agreement between the raw data and the fit (shown as the dashed red line in
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Good agreement between experiment and optimised fit were still in evidence, as shown 
by a typical example in Figure 3.26. The correlation between the two is, however; slightly worse 
than that obtained for the test circuit, illustrated by the increased deviation and discontinuity o f 
the mismatch function from its mean value. It should also be pointed out that some data point* 
having excessively high deviations from the general continuity of the data had to be removed to 
enable consistent data fitting. This is partially justified since the 1172 does not indicate that the 
input voltages may be too small to be measured; it simply produces random output. No more 
than 5 data points were removed from a single data set containing SO measurements.
Freminarinn o f the component values obtained show conclusively that the 'electronic 
resistance’  and 'double layer capacitance’  components introduced into the equivalent circuit are 
far greater (>  103) than the values which describe the experimental data accurately The 
optimisation routine is therefore unable to parameterise the effects o f these components with 
any degree o f certainty This conclusion is in agreement with other experimental work, since the 
electronic conductivity o f the alumina substrate is found to  be negligible [186], and the graphite 
electrodes employed here should be perfectly blocking. T h e  component values determined were 
then processed to obtain material parameters, namely the specimen resistivity and the relative 
permittivity obtained by correcting the capacitance values for the effect o f a dimensionally 
equivalent air gap capacitor [96]. These values are presented in Arrhenius form in Figures 3.27 
and 3.28, together with Coors’ data [186] for comparison. The resistivity plot contains 3 sets o f  
data points, the values being obtained from the two "fitted* components, and their arithmetic 
sum. The summed values correlate well with values obtained geometrically, assuming a single 
relaxation mechanism, from the point at which the ’ semicircular’  arc cuts the in phase (real) axis 
(Le. the plateau in the dispersion curve. Figure 2.4). Th is  point is concurrent with the lowest 
frequency data points for the specimens examined in the current work.
The permittivity data, however; is more difficult to  rationalise- values obtained from a
(Pigine IS )
Figure 3-26. Typical data obtained from a Coora alumina 
substrate, presented in Cole-Cole form. The 
optimised f i t  and mismatch function are 
also indicated.
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Figure 3.27. Arrnenius plot of resistivity of a Coors alumina 
ceramic substrate. (Standard to test the range 
and accuracy of the frequency domain measurement 
system.)
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figure 3.28. Arrhenius plot o f (capacitative) permittivity of 
a Coors alumina ceramic substrate using an 
optimisation program with a modelling strategy 
based on two d istinct relaxation mechanisms.
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Coors' data (~1 ). The theoretical fit » »«n g  the optimised values, however do correlate well with 
the experimental data. It is difficult to  assimilate these two component value determinations. 
Conciliation of the values obtained fo r  two relaxations to derive an equivalent value for a single 
relaxation seems, to the author intractable.
Even so, the values obtained here are consistently lower than Coors’ data, which may be 
due to incomplete elimination o f surface conduction or the presence o f residual atmospheric 
moisture. I f  this latter hypothesis w ere correct, a sudden resistivity increase would be expected 
once the measurement temperature exceeded -  100* C. The low temperature tail o ff  could 
indicate the upper resistivity limit o f the apparatus, which would be considerably worse than the 
calculated limit o f > 1013 Q cm for this specimen.
I f  this result is indeed indicative o f the upper limit o f  the measurement system, then this 
should not be deliterious to the specimens under investigation here, since values for similar 
glasses reported elsewhere indicate measurable resistivities lower than this 1013 Q cm ceiling.
Additional problems were also encountered with the sodium chloride-doped glasses:
Figure 3.29a converges towards the "real’  axis, it is unclear how this trace could form a 
(depressed) semicircular arc similar to  those presented in the literature. It would appear that 
these loci would cut the "real* axis a second time at a negative value o f resistance, or form a 
locus with a maximum "imaginary  value greater than that for a semicircle (Le. > R/2), both of 
which are contrary to accepted theories. There seems to be no simple explanation for this 
behaviour both from the viewpoint o f  a physical interpretation and of an irregular experimental 
measurement. Airther experimental investigations are essential, but were not possible due to 
external demands upon the equipment.
Therefore, to obtain a "flavour* for the relaxation behaviour, the limiting impedance 
values (having a "plateau" in the dispersion curve) were used in the Arrhenius plots presented in 
Figure 3.29b.
Figure 3.29«. Cole-Cole impedance plot illustrating the anomalous 
loci observed for a 95Na2B^0?.bNaCl glass, typical 
of the responses obtained for the glassy materials 
investigated in this work.
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The resistivity values arc lower than expected for glassy borax, but show a decrease in 
the intercept p 0 and activation energy for increasing halide content in agreement with work 
performed by Daniels [9].
Turning attention to the single glass-ceramic specimen investigated in this work, the 
base glass having a starting composition 80^ 28407.20NaCl, additional anomalies are revealed. 
In the first run, the expected ’semicircular’  loci were produced, as shown in Figure 330.
However with subsequent runs, unusual behaviour in the frequency dispersion curve 
was obtained, which is probably best demonstrated by reference to the Cole-Cole plots shown in 
Figures 330 - 332. From a ’ standard* distorted semicircle (Figure 330), a classic Warburg 
impedance results (Figure 331), which is further modified to include a lo op ’  as shown in Figure 
332. A  basic text on electrochemistry [187] interprets this behaviour as being indicative o f 
electrode reactions. However the electrodes themselves are carbonised oxidation resistant 
stainless steel on top o f  the vapour deposited graphite in contact with the specimen under 
investigation. Although the steel above the specimen was seen to be discoloured upon 
dismantling the cell following measurement, the seal between the vapour deposited layer and the 
carbon paint was macroscopically sound, the specimen having to be separated from the steel 
electrodes by dissolution o f the carbon paint using 1-1-1 trichloroethane in an ultrasonic bath. 
The reaction can only be postulated to occur beneath the surface o f the specimen, possibly with 
water. This appears to be unlikely since the sample remained in situ throughout the 
measurement consistently in an oxygen-free nitrogen environment. Since the steel was 
discoloured, however, then this probably arose from the low oxygen level impurity within the gas, 
and so the specimen could have correspondingly picked up water. Further investigations on this 
and other materials in  this system and determination o f the conduction pathways are necessary 
before more useful definitive conclusions can be made.
Again, to  obtain an indication o f the material properties, resistance values were 
obtained geometrically using the method described in the majority o f available literature, which 
is described briefly above. Since the Cole-Cole plots are not representative o f the well-defined 
relaxations presented earlier; the values were obtained from the point at which an interpolated
F ig u r e  3 . 3 1  - C o le  -  Cole p lo t  f o r  an 80Na2B407. 20NaCl g la ss-ceram ic
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arc cuts the 'real* axis, at the points indicated in Figures 330-332. The processed resistivity 
values are displayed in Arrhenius form in Figure 333. A  high degree o f reproducibility within 
experimental scatter is demonstrated. Furthermore, a previously observed "hysteresis* effect [9, 
170] can be inferred by reference to the figure. However in a more quantitative evaluation o f 
the results, there are two possible fits available, which are shown on the figure. Fit (1 ) is 
indicative o f the onset o f an additional vacancy assisted conduction mechanism, for example, 
impurity based conduction (reference [96] p. 455). R t (2 ) is reminiscent o f  a fast ion conductor 
phase transition. The quality o f the data is not sufficient to isolate the most representative fit. 
Probably the simplest definitive measurement would be o f the thermal response o f the material 
over the transition range 200 - 400“C. The sensitivity required could probably be obtained using 
DSC. Once again the equipment was unavailable due to prior commitments. In any event, 
further electrical investigations are required to understand the ambiguity highlighted above.
33.4 Transport Number Measurements
Following the method described by Tubandt [188], it was hoped to measure the ease of 
movement o f the sodium ion, and to attempt to determine i f  it is the sole conducting species in 
these materials. The technique is based upon the measurement, by weight change, rhr.min»! or 
energy dispersive analysis, o f  the number o f ions transferred across a block o f  material under the 
application of a drive voltage for a given time. The "block* is constructed from a series o f (thin) 
tablets o f roughly equal weight, which may act as non-blocking electrodes, for example, in a
The principal requirement is to supply ions to the discs under test. Since measurements 
are oriented towards controlled electrical conditions (Le. constant applied voltage), power 
sources are employed which supply electronic charge. This then necessitates the introduction o f
entering the specimen "stack" under investigation. In the event o f an inadequate source o f 
appropriate ions being placed at an interface, electrode polarisation effects will occur; leading to 
a measured current decay under application at a steady d.c. potential
<r
es
is
i 
i
^ * ur* 3-33. Arman lus plot for a SONa^O^.20NaCl 
g la s s - c e r a m ic  spec im en .
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The majority o f experiments [189] have employed solid metallic electrodes, in the form 
o f foil or fired paint, which are readily converted into ions by a simple electrochemical reaction. 
The materials in most common usage are platinum and silvei; although some workers have 
utilised more elaborate ion sources, notably a sodium-mercury amalgam [189]. However the 
’ standard* technique for ’changing* the conducting species between the components o f a ’ stack’  
appears to be by the introduction o f  an intermediate block o f  a pressed alkali halide [188,189]. 
A  high proportion o f  bulk conduction is ensured in these materials since pressing causes the 
small crystals added to the die to meld together by virtue o f their cold flow properties, thereby 
leading to more efficient charge carrier conversion.
A t interfaces between compounds having different cationic species as their majority 
carriers, the net flow o f charge between the electrodes exports the 'previous* majority ion into 
the following block, which upon reduction to create the "new" mobile carrier; leaves a metallic 
deposit in the form o f thin filaments, which bonds the two blocks and leads to the possibility of 
creating a short circuit. For this reason, so-called "protective electrolytes’ , which form no such 
threads under electrolysis, are introduced [188] to a "stack" to prevent the possibility o f shorting. 
In the case o f anionic conductors, the ions may combine to evolve gaseous material (eg . in 
chlorine or oxygen ion conductors) which is not so damaging to the results o f a long-term 
experiment, although the net stoichiometry o f the system is affected.
In the author’s opinion, a further complication exists when systems undergoing changes 
in the ionically conducting species are considered: the ability o f the host structure to conduct a 
"foreign" ion is being measured, and not the conductivity o f the "normal" host species.
The ramifications o f this problem are that the foreign* ion may not follow the same 
conduction pathways as the "normal" ion. In the light o f experience gained in the current work, 
where silver paste electrodes appear to have been depleted during the course o f "d.c."
individual grain boundaries (Le. producing a grey colouration throughout the specimen, the 
chemical cause o f  which is not measurable using ED A X  methods - see section 32J.), it was
8 «  -
decided to reject conventionally accepted arrangements. Instead, the electronic current was to
would then provide sodium ions to the material under test Obviously from the problems 
outlined earlier in this section, electrode polarisation effects will occur since 0 ’  alumina has 
been shown to exhibit negligible electronic conductivity [186], and hence the build up o f ion
conducted over a much longer time. The electrode polarisation should rapidly attain an 
equilibrium condition where a small nunfcer o f the electrons supplied will neutralise some o f the 
polarisation and thus provide a nominal leakage current By monitoring the current flow 
through the 'stack' and using Ruada/s la\\ the concentration difference between the two 
outermost blocks should, in principle, be able to be equated to the number o f (positive and 
negative) ions taking part in the conduction process. This in turn may prove the existence of 
oxygen ion conduction in these materials, inferred by analogy from the postulate presented by 
Owen [171] for calcium aluminoborate glasses. Hagel and MacKenzie [172] did not agree with 
this conduction mechanism from 170  diffusion measurements, but did not present a specific
The fundamental assumption with this proposed arrangement o f a stack o f the material 
under test sandwiched between 0 ” alumina blocks is that the rate o f sodium ion transfer through 
the 0* alumina is far higher than that through the test material. This should provide a check of 
the measured bulk 'cLc.' conductivity o f the specimen under test.
disc was earthed as indicated in Figure 334, which should have the effects o f neutralising any
be applied directly to a good solid state source o f sodium ions (sodium 0 * alumina), which
effects, although greatly reduced, will be measurable if the experiment is
One further modification to the was also made, to the
sides o f the material. The radial surface o f the central
Sii to those involved to determine the bulk transport be performed to
obtain the d.c. surface conductivity o f the specimen, and a tequently made if
+v
Figure 3.34.
Arrangem ent o f  disc specimens 
in Tubandt a p p a ra tu s . A t 
s u ffic ie n tly  high te m p e ra tu re s , 
positive Ions will m igrate from  
disc 1 to  disc 3, which Is 
re c o rd e d  as a change In mass. 
The m easured c u rre n t  / can 
be p ro c e sse d  to  obtain th e  
t r a n s p o r t  number by F a ra d a y 's  
law.
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calculations based on the measured bulk conductance. The introduction o f this additional 
electrode was felt necessary due to the previous observation o f high surface conductance in the
In order to categorise the operational efficiency o f this alternative experimental 
arrangement, an introductory experiment using a stack comprising 3 blocks o f sodium 0" 
alumina was performed under conditions equivalent to those envisaged in operation with the 
haloborate and glass-ceramic specimens to be tested.
So far, only one sample, sodium 0-alumina, has been investigated. The 0-alumina was 
made from sodium aluminate and a-alumina following the method described by Hind [190]. 
The criterion described by Fletcher et aL [191] (namely crushing, performing X-ray diffraction, 
re-compacting and sintering until the diffraction patterns for two successive sinters were seen to 
be the same) was employed to determine the end o f reaction.
A t  the onset o f the experiment, the discs are weighed. These Oat, parallel, highly 
polished (6  urn diamond paste) specimens were then damped tightly together following the 
application o f graphite drive, guard and working electrodes, and placed in an inert atmosphere 
(nominal purity nitrogen, containing typically 25 ppm water) at 350*C (T g  - 100*C) for a long (~  
weeks) time under an applied voltage o f 15 V. The results obtained using windowless ED A X  
analysis in the SEM are shown below.
Specimen
Position
(  +  15V  applied)
virtual earth)
Element Ratio o f Peak Height
to Aluminium (% )
Na 1.87
O 22.67
Na 5.28
O 22.69
The crude measurement technique o f  measi 
quantitative windowless analysis is as yet unavailable.
consistency of the "immobile’  oxygen ion concentration shows good reproducibility, although a 
further check o f the technique, namely calculation o f the transport number has yet to be 
performed. This was not possible since the record o f current passed during the experiment was 
destroyed.
33  STRUCTURE
33.1 X-Ray Diffraction (XRD)
This was the principal "direct* structural tool used in the current work. It was hoped to 
infer the structure o f these materials by "fingerprinting" with spectra o f well-categorised 
compounds. Any differences in local microscopic arrangement would be anticipated to be 
shown from the indirect techniques described in the next section.
Spectra were obtained using a Philips PW1380 goniometer and copper radiation 
under ambient conditions. The optimum resolution o f this instrument was 0.01* 26. The zero 
angle position was checked and reset perodically during this work and found to vary by as much 
as 0-5*20.
For ease o f data acquisition and presentation, a Commodore PET microcomputer was 
included in this arrangement, but was later removed following an uncorrected hardware fault. 
Work was carried out to replace this facility using a Perkin-Elmer 9600 data station, which was 
intended to form the basis o f primary storage and analysis o f higher resolution data to be 
obtained from an equipment upgrade. The principal enhancement was to be from the 
introduction o f a single crystal monochromator and analyser to the current set up. Unfortunately 
this modification has not been carried out yet due to lack o f funding. A  research proposal to the 
SERC is to be submitted to examine crystal structures by a combination o f M AS  NMR, 
high-resolution X R D  and neutron scattering, using data from neutron scattering experiments to 
be performed on a selection o f doped borax-based glass-ceramics by Dr. W.1J7. David at the 
R  utherford-Appleton Laboratory. The incentive for this work is based upon the large spectral
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discrepancies obtained using the current X R D  apparatus shown in Figures 335 - 338. The 
additional peaks extra to  the JCPDS standard [191] cannot be identified with any phase within 
the JCPDS powder diffraction files. Moreover, the data presented here is not o f  sufficient 
quality to perform a structure refinement [52]. A n  anomaly is also inherent in this system since a 
high resolution X-ray diffraction study performed at Harwell by Dr. B. Bellamy did not exhibit 
similar features, as shown in Figure 339. The discrepancies within the diffraction patterns can 
best be expressed as a reversal in trends. By comparing Figures 335 and 339, the anhydrous 
borax (AB ) material shows intensity variations between the two measurements. This can be seen 
more clearly by reference to Figure 3.40, which displays the two spectra on similar scales. The 
differences in peak positions are within the acceptable limits outlined by the JCPDS for 
'fingerprint* structure determinations. The intensities, however, do exhibit changes greater than 
the proposed 5% "window*. This is best illustrated by reference to Figure 3.40 at 26 values o f -  
13.6, 333 and 363 degrees. It is for the sodium chloride doped material that the 'reversal in 
trends* indicated above occurs. In the "Warwick data’ , additional peaks are obtained, whilst the 
number o f peaks obtained from the "Harwell data* is reduced compared to the 'standard* 
Na2B4C>7 spectra. A  comparison between the two diffraction patterns is made in Figure 3.41. 
Some of the absences in the Harwell data can be derived from the differences observed when 
compared against its 'parent* phase in Figure 339, but the other extra peaks between the two 
10% NaCl doped phases cannot be simply parameterised. It is doubtful that the cause o f this 
discrepancy lies in sample preparation, since both samples were obtained from the same block 
o f the parent glass, the only difference being that the samples sent to Harwell were dried in a 
furnace at 200 XT after crushing prior to sealing in glass ampoules for ease of packaging.
High isotropic 1*B purity is required to perform neutron diffraction experiments due to 
the high collision cross-section o f 10B (~  104 times that o f the other constituent elements [69]). 
Although only 20% abundant in nature, the elimination o f 10B from th bulk material is 
presumed difficult by the lack o f supplies o f high-purity materials (95-97% 11B appears to  be the
>)•
FU w rm  3 .3 5 . X -ray d i f f r a c t i o n  data f o r  Na Cl-do pad spaciiaana.

f ig u ra  j - j 7 . x -ra y  d i f f r a c t io n  da ta  f o r  TiOg-dopad g la a a -c a ra a ic a .
Figure 3-38- X-ray diffraction data for TiC>2-doped glass-ceramic specimens 
formed In a 3- stage heat-treatment.
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332  Spectroscopic Investigations
33.2.1 Infra-red Studies
The infra-red spectra presented here Pcrkin-EImer
double beam spectrophotometer interfaced to a 9600 data station, having a working frequency 
range o f 5000 - 180 cm '1. However, the spectral absorption in the range 5000 - 4000 cm' 1 is
absorptions within both the KBr used as a suspension medium for some o f the measurements
measurements were performed upon blown films (glasses only), and pressed pellets using dry
halides for this purpose due to the possibility o f ion exchange [33], but work by Krogh-Moe [70] 
has shown this objection to have no experimental validity in borate glasses. An alternative 
technique was to examine the crushed powder in a Nujol (spectroscopic grade liquid paraffin) 
mull between silver iodide plates, but this was found to be unsatisfactory and not pursued further 
in this work. Reflectance measurements were also carried out, using a Beckmann-RHC TR9 
prism fabricated from a KRS-5 crystal A  schematic o f this latter arrangement is shown in 
Figure 3.42.
A  facility present in the applications software for the 9600 data station allowed a 
'difference* spectrum to be created interactively. This means that spectra could be 'massaged* 
to remove the absorption bands o f the materials used in the data acquisition process (e.g. water 
and KBr from the pressed pellet, A g l from the liquid cell geometry, or the KRS-5 crystal from 
reflection spectra) by first scanning the "blank*. The underlying assumption is o f no physical or 
chemical interaction between the two media (Le. linear superposition o f the respective spectra). 
The use o f this software was felt to be necessary and valid only in the case o f the reflectance
featureless for the majority o f glass systems, and so the upper frequency limit taken as 4000
cm'1. Similarly, the low frequency limit was increased to 200 cm' 1 by the onset o f significant
the itself, as shown by experiments using alkali halides with lower frequency
a variety o f preparation techniques. Transmittance
KBr as the dium. Some controversy has previously surrounded the of allt»li
spectra.
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Typical results from these techniques are shown in Figure 3.43 for comparison. Spectra 
obtained from a glass-ceramic and its parent glass show the same essential features but for the 
sharpening o f the absorption bands in the crystalline compound via a more ordered local 
environment, as shown in Figure 3.42.
The primary purpose o f  the spectroscopic measurements was to look for any localised 
structural variations in the glassy and crystalline phases that may be associated with the various 
dopants employed in this work. The glasses exhibited no obvious changes with dopant addition. 
The sharpening o f the absorption bands caused by the increased ordering characteristic o f the 
crystalline process highlights a series of subtle changes in the spectra reproduced in Figure 3.44, 
which is shown in more detail by the difference spectrum (which should only be used as a guide) 
in Figure 3.45. However interpretation o f the spectra to identify the fundamental structural 
groupings is hampered by the limited database o f  known molecular vibrations. The most recent 
work is by Konijnendijk [72], who discussed the initial infra-red and Raman work in terms o f 3- 
and 4-coordinated boron atoms, and concluded that the absorption bands can only be 
interpreted using the larger structural groups shown in Figure 2.10. However, by ascribing the 
absorption bands in the frequency range 900 - 1100 cm"1 to BO4 groups and the absorption 
bands in the range 1250 - 1350 cm' 1 to BO3 groups, Minami et aL [33] successfully related the 
relative intensities to composition, which formed the basis of their postulate o f B-X and B-O-X 
bonding in the AgX-Ag20 -B2C>3 ternary system.
A  summary o f the characteristics vibrations together with the positions o f the absorption 
bands is reproduced in Table 33. Therefore much o f die information contained in the spectra 
shown in Figure 3.44 cannot be usefully processed.
However, by examination o f the bands at -  950 cm"1 and 1300 - 1400 cm*1, several 
observations can be made. For increasing NaC3 concentrations, the absorption band at ~ 1400 
cm' 1 shows an increase which may be interpreted by extending the validity o f the boraxol ring 
"fingerprint* to rings containing 3-coordinated boron atoms i.e. ring-type metaborate groups. 
This would appear consistent with the decrease in the amplitudes o f the B-O bond stretching 
absorption at -  1260 cm*1 and the Tweathing" motion o f 6-membercd rings containing four-fold
Figure 3»*3. Comparison of infra-red spectra obtained 
by different methods.
Figure 3.M . Infra-red transmittance spectra obtained from a 
series of devitrified glasses of general formula 
(1-x)Na2BJJ0 .xNaCl using the KBr briquet technique.
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F ig u r e  3 .< 5 .  Exam ple d i f f e r e n c e  spectrum  from  tw o d e v l t r i f i e d
h a lo b o r a te  g la s s e s .
s Relative ilttance
Table 3«3 Standard Infra-Red Absorption Bands,
Wavenumber (cm-1 ) Group Motion.
720
780
B-0-B bending in B203 [72] 
6-membered ring stretch [82]
950 *-coordinated boron-oxygen stretch [72]
1*00 boroxol ring stretch in B203 [72j
960,1200
1380,1910
710,16*0
2120,3*00
BC13 L193J 
H20 [19*]- 119*]
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coordinated boron atoms (e.g. the triborate group) at ~ 980 cm-1. This would imply the 
production o f more non-bridging oxygens, and could be interpreted as the formation o f 
boron-chlorine bonds. A n  alternative interpretation could be the production o f non-briding B-O 
bonds via an increased oxygen concentration, absorbed into the melt as a consequence o f 
chlorine loss during fusion. The chloride loss is readily verified by reference to section 3.1. L
In the event o f  the formation o f a boron-chlorine bond, the appearance o f a new 
absorption band may be expected, possibly occurring in a similar position to the bands observed 
in BCI3 vapour [193). One possibility could exist for this hypothesis since the peak at -  1200 
cm' 1 exhibits a slight increase for higher N a d  concentrations. However there are no similar 
changes at the frequencies corresponding to the other standard peaks. This argument cannot be 
contradicted since no structural assignments to the absorption bands have been made.
The amplitudes o f other absorption bands can also be seen to change with increased 
dopant concentration (fo r example, the most notable variation is in the decrease o f the 1120 
cm' 1 band) but unfortunately cannot be linked to any structural groups. The presence o f the 
primary water band in the spectra at -  3420 cm' 1 [194] was attributed to incomplete drying o f 
the KBr by scanning the blank.
Therefore, the conclusions that can be drawn from infra-red investigations are quite 
tentative, although systematic structural variations are in evidence for Nad-doped materials. 
Similar examinations o f  the P2O5, T 1O2 and Pt doped specimens did not appear to show such 
visible changes.
Since the necessary apparatus was not present at Warwick, the facility at the Chemistry 
department, under the general guidance o f Dr. DJ4. Waters, Brunei University was made 
available by Borax Research Ltd.
The primary excitation was provided by die blue 488.0 nm line from a CW 
argon/krypton ion laser with a beam intensity o f -  550 mW. The raw data was obtained using a
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SPEX Ramalab spectrometer in an unpolarised form, and therefore the following data analysis
Stokes line o f CCI4 as a standard. A  modified solid sample holder allowed finely powdered 
materials to be examined. Results are shown in Figures 3.46 and 3.47.
infra-red spectroscopy was attempted. The characteristic vibrations reviewed by Konijnendijk 
are reproduced in Table 3.4. The first observation that can be made by comparison o f Figures 
3.46 and 3.47 is that there are fewer, more widely separated peaks than for the complex infra-red 
spectra presented in the previous section. Furthermore the large decrease in the peak widths 
previously obtained for the infra-red upon comparison o f the glasses and glass-ceramics 
respectively has been greatly reduced. The combination o f these two observations permits an 
easier and more justifiable comparison between the glassy and crystalline phases o f each 
material.
Similar conclusions are drawn to those obtained from infra-red spectroscopy. By 
reference to Table 3.4, it can be seen that the peak at 647 cm*1 characteristic o f  the ring-type
non-bridging oxygens within the structure, but little change in the 6-membered breathing mode 
at ~ 760 cm*1 accompanies this, unlike the observations from the infra-red. The indication o f a 
boron-chlorine bond is again evident, by the existence o f a shoulder on the steep background at 
-  475 cm*1. However the detail is masked by the fluorescence from the laser in the frequency
is partially limited by this. The spectrometer itself was calibrated using the strong 314 cm*1
In the ensuing analysis, a ’ fingerprinting* technique to that carried out for the
N a d  concentration, implying the formation of
range
arising from the devitrified 15% N a d  doped sample cannot be explained, since the presence of
not found to change the behaviour o f this other
nucleated samples.
F ig u r e  3 . * 6 . Raman s p e c t r a  o f  N aC l-dop ed  g la s s e s .
F i* ur*  L 5 L  BaMn spectra o f  NaCl-doped g lass-ceram ics.
Table 3.* Summary of Standard Raman Peaks.
Wavenumber ( cm”1) Group Motion.
*73,*69
*66,257 BC13 C195J
610 -  630 Ring-type metaborate group 
"breathing" iS 2 j
700 General 6-membered ring 
"breathing" C72J
806 Boroxol ring deformation [72J
820 -  850 
920 -  930
) BO.3” symmetric 
) 3
) B-0 bond stretching L72J
1250 Possible pyroborate group (.72J 
characteristic motion
1500 Symmetric non-bridging oxygen 
stretching of ring-type metaborate 
group C72J
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3 33 Thermal Expansion Coefllcent
The apparatus comprised a water-cooled vertical vitreous silica
dilatometer, the working part o f which was heated at a rate o f 1.73*C min"1 in a muffle furnace.
output from an inductive LV D T  (Linear Variable Differential Transducer). Conversion o f this
standard. Results for a series o f glasses and glass-ceramics are presented in Table 3.5. Due to
Kristi nan et aL [88].
33.4 Thermal Properties
The thermal evaluations performed in the current study were principally oriented 
towards an operational knowledge o f the glass forming process, and so no thermal property 
measurements and investigations o f the annealing and crystallisation behaviour were undertaken. 
In light of these semiquantitative requirements, only D .TA . was performed. The apparatus was 
a home built arrangement with thermally recrystallised alumina as the principal constructional 
material, and a helical crusilite rod as the furnace element. The essential features o f the 
apparatus are reproduced in Figure 3.48.
Due to the low e.m£s produced for a unit temperature change for the Pt/Pt-Rh
stage in the work. This was reduced by the application and subsequent firing in situ o f an
for the output signal. The thermocouple junctions were also coated with a thin layer of
The displacement o f  the push rod in contact with the specimen was measured using the voltage
into length was made via periodic calibration of the
fhp Kigh wrpim«nn red, the 'silica correction* has not been made. Moreover
the expansivity data is presented in polyr I form following the work summarised by
organ earthed
Table 3.5 Summary o f  Thermal Expansion Data
Following the format presented by Krishnan et a l. [86], the 
data is presented in the form of the premultiplier factors 
A, B and C, where thermal expansion coefficient a at temperature 
T (in  °C) is  given by
a -  A + BT + CT2
Specimen AixlO-7 ) B(xl0“7) C(xlO_7) I.C0«
AB glass 315 -2.9 lxio“2 447
AB cryst. 39.2 0 0 520
90AB. lONaCl glass 85.3 0.30 -3.9xlo“4 414
90AB. lONaCl cryst. 85.3 0.66 -1.3x10“3 437
80AB.20NaCl glass 160 0 0 410
80AB.20NaCl cryst. 139 0 0 535
99AB.1P205 glass 377 -3.0 lxio“2 420
99AB.1P20j cryst. 98 -0.3 1.2x10“ 3 565
98AB.2P205 glass 117 -2xlo“2 0 445
98AB.2P205 long h.t. 206 -1.7 6.8x10“3 575
95AB.5P205 glass 185 -1.11 3.8x10“3 450
95AB.5P205 h .t. 170 -0.74 2.8x10“3 440
99AB.lTi02 glass 196 -1.02 3.6x10“3 440
99AB.lTi02 cryst. 245 -1.89 6.6xl0“3 530
98AB.2Ti02 glass 283 -2.44 8x10“3 450
98AB.2Ti02 cryst. 242 -1.95 7x10“ 3 615
98AB.2Ti02 3—st.h .t. 313 -2.45 8.6xl0“ 3 430
95AB.5Ti02 glass 164 -0.95 3x10“3 440
95AB.5Ti02 cryst. 275 -2.16 7.6xl0“ 3 450
AB + 10“4%Pt glass 19 3 -1.31 5x10“ 3 450
AB ♦ 10 4ZPt cryst. 412 -5.39 2xlo“3 430
AB + 10“3*Pt glass 155 -0.65 2.6x10“ 3 455
AB + 10 3ZPt cryst. 146 -1.23 4.3x10*3 480
AB ♦ 10 2ZPt glass 185 -1.09 4.2xlO*3 450
AB + 10 2ZPt cryst. • 43 0.94 -2.8x10“ 3 425
0
0
0
F igu re  3.48.
Schematic D.T.A. arrangement.
93
Furtherm ore, were being measured, the temperature
uniformity o f  the measurement cell over the working temperature range (room temperature to
standard reference material in these experiments) in both crucibles produced drift in the signal 
which increased with increasing temperature, and depended on the rotational orientation o f the
resistant stainless steel hood to equalise the temperature, and a biased differential thermocouple 
output were unsuccessful
A  typical D.T.A. trace for a borax-based glass is shown in Figure 3.49. The flat baseline 
is due to the compensation o f the signal drift by the thermal diffusivity differences o f the 
specimen with respect to the alumina standard. Values for a limited selection o f materials are 
presented in Table 3.6.
33.5 Density
The densities o f the materials examined were determined using picnometry with Nujol 
as the immersion m^ium  ncing the equation
1200* C ) was
cell with respect to the furnace. Attempts to 'smooth out* these differences using an oxidation
(3.6)
specimen density
Quid density (880 kgm'3 at 20*C) 
in air
mass o f  specimen in fluid.
The results are summarised in Table 3.7.

T a b le  3 .6  D .T .A .  Sumnary
Glass T <°C) W  <°c> T- u  (°<
» • 2« 4° , 435 545
900
90Na2B407.10NaCl 470 530 920
70Na2B40?.30NaCl 470 690,715 820
U 2O.3.20, 510 830 1000
90Li2B407.10LiCl 520 830,880,910 1000
" 2V 7
430 790 950
90CaB407.10CaCl2 430 710,740,765 920
Table 3.7 Mechanical Properties of Some Materials Based on 
Anhydrous Borax (AB)
Table 3.7a Borax-based glasses
Specimen \
(xlO5 Pam*)
Young's
Modulus
(G Pa)
Hardness
(G Pa)
Density
( k g « " 3)
AB 2.9310.07 3.6810.09 3.6910.26 2367
90AB. lONaCl 2.92+0.09 4.3210.70 3.9810.19 2384
80AB.20NaCl 2.70±0.02 2.4410.17 3.9510.31 2386
AB 4.38+0.12 5.5510.27 4.1810.61 2367
99AB.1P205 4.2510.13 5.7510.36 4.7910.26 2375
98AB.2P205 4.49+0.12 5.9810.07 3.4110.46 2363
95AB.5P205 4.2810.09 6.3110.23 4.4210.48 2367
99AB.lTi02 4.8910.12 5.8910.28 2.0010.07 2362
98AB.2Ti02 4.7810.09 5.4010.32 3.8510.19 2364
95AB.5Ti02 4.2610.16 6.0310.51 3.4910.40 2362
AB + iO_4XPt 3.1310.15 1.5210.07 3.2310.19 2356
AB + 10_3ZPt 3.1410^15 1.3610.04 2.9410.28 2361
AB ♦ 10_2ZPt 2.9710.17 1.9110.08 3.3010.34 2357
95AB.5NaCl 3.1510.05
85AB.ISNaCI 2.8810.06
Table 3.7b D e v i t r i f ie d  borax-based glasses
Specimen \
(xlO5 Pam*)
Young's
Modulus
(GPa)
Hardness
(GPa)
Density 
(kgm 3)
AB 0.6510.09 2.0410.37 1.4910.31 2444
90AB. lONaCl 1.68+0.12 3.1810.59 2.0010.14 2428
80AB.20NaCl 4.1710.37 4.3210.50 1.4110.05 2395
AB 0.75+0.13 1.9210.13 2.7410.15 2444
99AB.1P205 0.62+0.08 2.1110.28 2.6710.40 2640
98AB.2P205 3.7510.17 1 .8610.20 2385
98AB.2P_05 
(long h .t . ) 0.5110.13 3.1311.07 1.5210.24 2494
95AB.5P205 4.0610.10 2.4210.61 3.1910.32 2363
99AB.lTi02 milky 
white 1.0310.19
0.53
1.7810.07
2.8710.17
2.4710.23 2440
98AB.2TiO- milky 
white *
0.95
1.8110.12
2.5110.41
2.1010.15 2422
98AB.2Ti(>2 
3-stage h .t. 1.74 4.6210.55 1.5810.12 2448
95AB.5Ti02 0.69 1.88 1.6210.00 2418
95AB.5Ti02 
3-stage h ;t. 0.99 1.7210.39 3.1110.17 2437
AB + 10~4ZPt - 1.22 2.0010.21 2493
AB + 10-3 ZPt - - - 2433
AB + 10_2ZPt - 3.81 2.2U0.36 2416
95AB.5NaCl 1.0710.36
85AB. 15NaCl 3.8710.56
Fractured on loading: top loader force «  2.1 N.
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3.4 M ECH ANICAL PROPERTIES 
3.4.1 Young’s Modulus
Rectangular bar specimens machined in the manner described in section 3.1 were 
subjected to 4-point loading using an Instron 1122 strength testing machine with a miniature 
loading jig  [196J having spans o f 10 mm for the outer and 2 mm for the inner. The 1122 is a 
displacement oriented machine which moves the crosshead in a given direction to supply the 
load, which is then measured with a load cell o f variable sensitivity and subsequently displayed as 
the abscissa on a Y-t chart recorder. From a knowledge o f the crosshead and chart speeds, the 
displacement may then be readily calculated. T o  obtain maximum sensitivity, the lowest 
standard crosshead speed (0.05 mm min'1)  was employed at all times. The data from the 
load-displacement graph was then processed in the linear region via a simple computer program 
to give values for Young’s Modulus E using equation 2.19. These results are presented in Table 
3.7.
Vickers hardness values were obtained for a series o f glasses and glass-ceramics in the 
manner described in section 2.233.1. A  load o f 1.96 N  applied for 10 s, was used to make the 
indents. The hardness value was obtained from the diagonal length a o f the observed impression 
formed using load P via the equation
H -  Q ,4ffgP, (S-7)
indenter (apex angle -  148.1*). The results obtained are si
3.43 Fracture Toughness, K lc
Test bars prepared in the manner described in section 3.1 were notched using the saw 
described in section 3.13. "Neatcut’  oil [179] was used as both lubricant and inert medium for
the ensuing fracture. Due to the brittle and fragile nature o f these
surface during clamping. Therefore a new vice, using compressed cork-lined jaws was 
constructed. A  drawing is shown in Figure 3.50. The specimens were then left in air for a 
standard 2 hours in order to standardise on the relief o f any residual stresses introduced during 
this final machining prior to controlled fracture using a 4-point bend using the 1122 strength 
testing machine described above, again with a crosshead speed o f  0.05 mm min'1. Due to the 
lack o f an existing jig satisfying the dimensional requirements necessary for a valid K ic 
measurement (section 2.23.L2) a 4-point bend apparatus similar in design to existing versions 
but o f correct dimension was constructed. The plan is reproduced in Figure 3.51. Observation 
o f the load-displacement curves for each specimen highlighted two problems: firstly, the 
load-displacement curve was continuous at low loads. Ideally this should be discontinuous at the 
onset o f loading. This was attributed to the elastic properties o f the support materials in the 
Instron since the effect was present for a variety o f specimens, bend apparatus and test 
geometries [197], but may still lead to spurious results. Secondly, and perhaps more importantly, 
the glass-ceramic specimens showed a significant deviation from linearity towards the critical 
load, as shown in Figure 3.52, together with the traces o f the parent glasses for comparison. 
Fortunately, by examination of the criteria presented by Knott and Elliott [135] for a valid 
the effective toughness K jq  (obtained from the maximum sustained load) could be equated to 
the critical toughness value. The processed data is shown in Table 3.7.
A  limited study using the now popular indentation method o f crack initiation 
[148,149,167,198] was also made on glassy borax. The indent was produced using a load o f 4N for 
a period o f 10 s ( ±  0.2 s) in a silicon oil environment at a loading/unloading rate o f 0.5 mm 
min' 1 (found to  be the optimum by trial) on bars having a 0.25 pm  surface finish, the other 3 
sides being polished to a 14 pm finish with diamond paste. The edges o f the bar were bevelled 
slightly to a 14 pm  finish to eliminate spurious results. After standing in a dessicator for 5 hours, 
the bars were broken in 4-point flexure using the standard loading rate. Results are presented in 
Table 3.8 for comparison. H ie  SENB (single edge notched beam) value is seen to be higher 
than those obtained for the indentation technique, in keeping with other work, but the observed
lower spread o f  values for the SENB to be
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Table 3.8 Comparison of Fracture Toughness Values for
Glassy Borax (AB) Using a Saw Notch and a Vickers 
Indent as the Source of the Critical Flaw
Method of Crack Introduction Value (x 10^  Pa sS
Notched beam, equations 2.6 and 2.7 2.93 * 0.01
Indentation, equation 2.11 0.31 ± 0.02
Indentation, equation 2.12 0.78 ± 0.01
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3.4.4 Fractographic Analyses
In an attempt to understand the fracture processes occurring in these materials, the 
fracture surfaces were examined in a Scanning Electron Microscope (SEM ). A  selection o f the 
photographs taken are shown in Figures 3.53 - 3.60 to provide a flavour for the observed
In all cases for the parent glasses, "fast’  fracture was seen, characterised by the "dean" 
smooth fracture surface indicated in Figure 3.53, together with views o f the damage produced 
during notching and cracks formed at the notch tip that were not responsible for the ultimate 
failure of the specimen [199], thereby providing a lower limit for the size o f the critical flaw.
For the devitrified borax specimens, to  which all comparisons here will be made, the 
effects o f surface nudeation are readily apparent by reference to Figure 3.54. More detailed 
examinations o f different aspects o f the fracture surface are presented in this and other 
examinations. The general view (Figure 334a) serves to provide an overall view o f the fracture, 
and to indicate the locations o f these additional regions. Grain sizes are >  0.5 mm, and the 
production o f a 'p ipe' in the upper half o f  the fractured surface between the top comers 
indicates a "depletion region" created by the interpenetrating crystal growth near the centre o f 
the bar. The large crystallites mask the effect o f  surface damage introduced during notching, 
and the weak bonding between them indicates a high degree o f intergranular fracture, with 
associated "pullout", the surface containing the majority o f a given grain extracting the remainder 
from the opposite side, as evidenced by Figure 334b, and the slowly-varying contours o f the 
fracture surface in Figure 334a. Extraction o f  fibrils from a spherulite can occur in a similar 
manner i f  the crystal is oriented centrally with respect to the fracture path. This is demonstrated 
in Figure 334c.
Spherulitic growth is again in evidence for N a d  dopants, the degree o f which is 
reduced for increased N a d  concentrations. The fracture surface for the 10% NaC3 doped 
devitrified material is shown in Figure 33S. A n  increased tendancy towards transgranular 
fracture is demonstrated by the sharper flatter fracture surface (Figure 335a), and the stepping 
thought to show the fibrils within a spherulite in Figure 335b. The nudeation properties appear
Figure 3.52. Load-displacement curves obtained during strength 
--------------- testa of glassy and devitrified Nad-doped materials.
( c )  0 .9  Na B O  .0 .1  NaC l g l a s s <d) 0 .9  Na2B40 ? .0 .1N aC l 
g la s s - c e r a m ic
J
glass K, specimen.1 c
F ig u r e  3 -53 - T y p ic a l  f r a c t u r e  s u r fa c e  o f  a  99Na2BJt07 .1P205
Figure 3.53a. General view, showing "clean" fracture surface.
Figure 3.53b. Close-up of notch root showing sub-critical 
flaw 50 u^n long.


Figure 3 .54c.
Fracture surface showing 
extraction of f ib r i ls  
fro« within an individual 
spherulite.
Figure 3-54d.
Fracture surface implying 
intergranular fracture 
around spherulites.
Figure 3-546.
Notched area. Damage from 
the saw cut has been masked 
by the large crystallite  
sizes.


Notch root. The stepped effect 
is again probably due to 
cracking within a spherulite.
F ig u r e  3 .5 5 c .
Figure 3.55d.
Fracture surface showing 
interpenetration of f ib r i ls  
from spnerulites.
Figure 3.55e.
Notched region. Damage froa 
the saw is  again not v isib le . 
The f i b r i l la r  patterns are 
nominally the same size as 
abrasion from the saw blade.
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to have been enhanced since a finer grained microstructure is observable on the notch surface 
(Figure 3-55c), however there are no cracks visible «nen«ring from the notch.
Estimates for the critical flaw size cannot be obtained for the 20% NaCl-doped 
glass-ceramics either, even though a microscopic distribution o f  small crystallites may be 
observed (mean crystallite size -  40 Mm). On a more macroscopic level, a high quantity of 
residual glass was in evidence. The thermal expansion mismatch was presumably responsible for 
the cracking within the glass (Figure 3.56b), and the corresponding compressive stresses from 
the glass on the crystal that has significantly increased the toughness, in an analogous manner to 
zirconia toughening in alumina ceramics [200,201], The incomplete crystallisation is an extension 
o f the multiple phase g l » «  argument presented in section 3 .L L  The presence o f spherulites, 
although greatly reduced, is still in evidence by reference to Figure 3.56c.
3,4,4.2 PzQs -P g p r tM tfgriglt
Extensive porosity ( “  1 mm + ) is observable in the fracture surfaces o f lightly-doped 
specimens (Figure 357), which appears to reduce in both size and distribution for higher P2O 5 
concentrations. This is coupled with an increased stability in the glass phase. Therefore one may 
postulate that the pores arise from P2O5 volatilisation at low concentrations during 
devitrification in an attempt to form a stable crystalline phase. I f  this explanation is valid, then 
the inside of the pores should be phosphorus rich when subjected to  energy dispersive analysis of 
the characteristic X-rays (E D A X ) in the SEM. This was not found, however no alternative 
explanation can be presented for this behaviour.
3.4.43 H O j-D oped  M a g M i
A t low TK>2 concentrations, a material containing a high density of small cigar-shaped 
pipes ( " 1 3  Mm long, areal fraction A a  = 10% [157]) within a fine microstructure was obtained, 
with what appears to be large regions o f residual glam remaining at higher concentrations. For 
increasing T 1O 2 content, the pipes appear to coalesce to form voids, which may be the cause o f 
the deleterious effect on mechanical strength.

Figure 3.56a. Ceneral view. Striations occur from a 
presumed compositional inhomogeneity in 
the parent glass. The macroscopically 
f la t  surface is indicative or a high 
degree of transgranular fracture.
Figure 3.56b. Fracture surface, showing distinct boundary
between glass and glass-ceramic. Classy region 
is  cracked at the interface, reinforcing the 
argument of compressive pre-stressing via the 
thermal expansion mismatch.
Figure 3.56c. Fracture surface, showing presence of limited 
spherulitic growth. The microscopic grain 
pullout again implies a degree of slow fracture.
Figure 3.56d. Notch root, showing damage from saw on top of 
a fine-grained microstructure. Sub-critical 
flaws are again absent, presumably being masked 
by the cracks present along glass-crystal 
Interfaces.
Figure 3.57.
Fracture surface of a devitrified 99Na2BiJ07.1P205 
fracture toughness specimen. Extensive porosity 
is apparent.
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A t the 2% dopant level, the 2-stage heat treated material still contained a residual glass 
'core' (Figure 3.58), which was replaced by a finer microstructure and a nominal degree o f 
piping using the 3-stage heat treatment.
For the 5% dopant level, the residual glass was also manifest in the form o f a series of
at the notch, which when combined with the larger than usual crystallite dimensions (>  2 mm) 
and the excessive piping (Figure 3.59) make fractographic examinations pointless. These 
considerations are certainly responsible for the large ’ natural’  flaws and hence the poor 
toughness values.
3.4.5 Sodium 0 ’  alumina
In an attempt to assess the improvement in mechanical properties for the haloborate 
glasses and glass-ceramics examined in this work, specimens were prepared from a commercial 
0*- alumina ceramic so that intrinsic property comparisons can be made.
It has been established that the measured mechanical properties are dependent upon
outlined in section 3.13 from a HIPed solid electrolyte tube manufactured by Chloride Silent 
Power Ltd. for degradation studies. The wall thickness led  to a reduction in width B below the 
23 mm normally used. Results obtained are summarised in Table 3.9. A  fractographic 
examination (Figure 3.60) showed a uniformly distributed microstructure containing fine (<  20
sheets between the crystalline layers, the reason for which is not obvious. Large
3AM.
Unfortunately, all specimens fractured beneath the minor span loading points and not
sample preparation (section 3.433). Tb can be made for the effect of
surface damage, physical property comparisons must b e  made on an intrinsic basis, i.e. all
Figure 3-58.
Fracture surface of a devitrified  98Na2Bi40^  .2Ti02 
fracture toughness specimen. Incomplete 
crystallisation is demonstrated by the residual 
glass "core". The difference in  thermal expansion 
coefficients is responsible fo r  the cracks 
nucleating from the interfacial boundary.
Figure 3 .59 .
Fracture surface of a devitrified  N a^O j ♦ 10_J< mol» Pt 
fracture toughness specimen. Poor nucléation is  indicated 
by the appearance of large crysta llites and extensive 
piping.
Figure 3.60. Fractographic analysis of a commercial 
f i "  -  * 12 °3  c e ra n ic -
Figure 3-60a.
General view of fracture 
surface. Transgranular 
fracture is implied by 
the macroscopically fla t  
surface.
Figure 3.60b.
Close-up of notch root, 
showing a sub-critical 
crack of length ~400 /am, 
in a manner analagous to 
those previously observed 
in glassy specimens.
Figure 3.60c.
Fracture surface, 
indicating transgranular 
fracture in a two- or 
more phase microscopic 
material.
Summary of Material Properties Determined for a 
Commercial 6"-A1^0  ^ Ceramic
Kx -  (0.762 ± 0.026) MPa m*
E -  (4.9 ± 0.2) GPa
H -  (6.6 ± 0.4) GPa
P -  1770 kg n f3
a -  77.0 K~1
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Mm) crystallites (Figure 3.60c), with sub-critical flaws being readily visible at the notched root 
(Figure 3.60b).
3.4.6 Interpretation of Mechanical Property Measurements
3-4:6-1- Pvgv igw
A  precursory examination o f the K lc  values presented in Table 3.7 indicates a high 
degree o f accuracy in the measurements in the majority o f cases. For the glassy samples, an 
error o f < 3% is reported in all cases, whilst an increased scatter; generally < 7%, is present for 
the devitrified materials. The larger errors, -15% , are obtained for the conventionally polished 
(5 and 15 mol% N a d  dopant) and very poorly nucleated (P2O5 doped A B  and AB  itself) 
devitrified materials. The K jc  values for the poorly nucleated specimens may be more widely 
varying due to the increased population o f large flaws which may interact more easily with the 
stresses experienced during measurement. The “conventionally polished' specimens however 
exhibit comparatively good nuclcation characteristics and therefore these measurements may be 
a partial justification for the polishing criterion postulated and employed during this work. The 
reason for the low deviation in K lc  values for the glassy materials is not understood. However it 
would appear from this result that the effect o f surface prestressing via polishing is reduced for 
glassy materials.
As a check o f the overall contiuity o f  the mechanical property data, AB  bars, in both 
devitrified and glassy states, were prepared with each batch of specimens as a control. Whilst 
the crystalline material produces comparable values within experimental error; probably being a 
result o f the large flaws created during the crystallisation process as indicated above, the glassy 
specimens show a marked difference, being -1/3 higher for the second “set’  o f measurements 
designed to investigate the properties o f “classically* nucleated materials. This may be due to 
improvements in the preparation techniques gained by experience obtained during prepatation 
o f the N a d  - doped specimens.
The Young’s modulus values follow a similar trend to that o f the K ic for the glassy 
specimens, being lower for the N a d  - doped materials than for the "conventionally nucleated'
lO O  -
glasses, with the notable exception o f the Pt - nucleated bars. It is postulated in the accepted 
description o f classical nucleating agents that platinum enters the network as metallic grains and 
plays no active structural role. However; the more elastic behavior o f this family* o f glasses 
would seem to indicate that this explanation is highly inaccurate for sodium borate systems, 
although quantitive inferences cannot be made «inrr. there is no correlation o f elastic modulus 
with added platinum content.
Examination o f  the data obtained fo r  the devitrified specimens, which should provide a 
quantitative measure o f  the characteristics o f  the crystal phases present, is complicated by the 
extreme differences in crystallite size and volume fraction. Qualitatively the ’ classical* 
nucleating agents yield essentially constant values, - L 8  - 1.9 GPa, a decrease by a factor ~2J5 
compared to values for the parent glass, although there are significant chemical and
Comparisons o f  the Pt - nucleated specimens to trends observed in their glassy 
analogues are not possible since the crystallised bars were too fragile to permit reliable 
experiments to be performed. The physical property enhancement obtained for devitrified NaCl 
- doped materials is once »gain demonstrated, the values consistently increasing with increasing 
NaCl concentration.
Turning attention now to the hardness values, further justification o f the adopted 
polishing criterion might be expected, with the "conventionally polished" specimens providing
GPa and 1.5-2.0 G Pa respectively with effects due to the individual nucleating agents 
superposed on the individual specimen groups, generally producing reduced hardness values for 
increased dopant concentration. The properties o f the crystalline material are once again shown 
to be inferior to those o f  the glass, with the exception o f the NaCl - doped specimens, where 
increasing N a d  content leads to an increased resiliance o f the material to withstand applied 
stress, by reference to  K i c and Young’s modulus values.
-  1 0 1
It has been shown previously [197] that hardness is a relatively insensitive probe of 
surface prestressing in ceramics; therefore the inferences presented from this aspect o f the work 
do not directly contradict the newly-adapted polishing criterion.
The differences in property measurements with changing dopant concentrations will be 
discussed in more detail for each additive in the following sections.
3.4.6.2 N a d
As shown in Table 3.7, the addition o f  chloride slightly decreases the K jc value o f the 
base glass, but increases the toughness o f the devitrifled material quite dramatically, exceeding 
that o f the glass at the 20% NaCl level. I f  the K j c determination presented by Lawn et aL [127] 
is extended from the introduction o f the critical flaw using a Vickers indent to a saw cut in a 
4-point bend, then the (P/Cq-^2) term in equation (223) can be considered to be a measure of 
the elastic-plastic deformation zone. By reference to Young’s modulus, fracture toughness and 
hardness values (Tab le 3.7), the deformation zone may be seen to decrease with N a d  
concentration for the glass-ceramic. The implication o f this hypothesis for the glass is o f an 
essentially constant elastic-plastic deformation zone, hence length o f  the critical flaw remains 
constant. This is verified by the sub-critical flaw  lengths measured in the SEM.
The trends in mechanical property measurements summarised above may also be
increasing N a d  content.
One further point o f note is a partial justification o f the polishing criteria outlined in 
section 23.4. One preparation o f notched samples for 5 and 15% N a d  materials using the 
conventionally adopted criteria was made, producing the results shown at the bottom o f  Table 
3.7. As can be readily observed by comparison with data obtained for 10 and 20% N a d  samples, 
significantly increased toughness values were obtained having a higher percentage scatter. This 
may be consistent with the hypothesis o f incomplete surface stress relief during polishing
(section  23.4 ), a lthou gh  it seems somewhat surpris ing to  the author that such a large it
-  1 0 2
toughness may be solely due to a compressive stress at the sides o f the specimen. I f  this were so, 
crack propagation might be expected to show large differences from surface to bulk on 
examination o f the fracture surfaces. However, there is no disccmahle experimental evidence 
from examination o f  the fractographs discussed in section 3.4.4 to support this.
3.4,6.3 P2Q5
In thi« incmnre, P2O5 addition appears to marginally increase the toughness o f the 
glass, indicated by reference to Table 3.7. However, the toughness can be seen to linearly 
decrease for the materials that would devitrify throughout the bulk. This observation would 
appear to be consistent with the P2O5 nuclcation mechanism(s) [12,163], namely that P2O5 
enters the glass matrix (and in this instance, appears to stabilise it in low concentrations), and 
then aids nucleation either by undergoing microscopic phase separation on heat treatment 
(perhaps giving rise to a change in the optical characteristics, such as the ‘ colourless-dark* 
transition in Figure 3S )  or perhaps on addition o f excess quantities, sites o f stress concentration 
are created [13]. These phase separated regions may re-distribute upon heat treatment either to 
give sites o f sufficient size to be stable to crystallisation or, if the upper consulate temperature is 
surpassed, a single stable phase [12]. Therefore, if the first interpretation is correct, then the 
number density o f  these droplets (assuming the size remains constant) will increase ~ linearly 
with P2O5 content, which would explain the trend in strength values o f the heat treated material 
i f  the second phase is mechanically weaker than the crystal phase(s) formed in the absence o f a 
nucleating agent.
Here, unlike  the case o f sodium chloride, the trends exhibited for the crack lengths and 
the mechanical properties are borne out by trends in E and H  for both glassy and heat-treated
3.4.6.4 T iO ?
Out o f  the nucleating agents exam ined  in  the present work, T 1O 2  is the most anomalous. 
A t  low  dopant le ve ls , tw o  types o f  heat tr e a te d  material w ere obtained: a ‘ translucent’  form.
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Dilatometrie mfrwmarirw impimH rh^ production o f & crystal phase, rulmfnnrmg
at ~ 580*C, and so the three stage heat treatment already discussed was employed to examine its 
properties, the final product being a crystalline material containing striations o f what appeared 
to be a frrnnH crystal phase. This observation is r/mcicumt with thr concept o f rlirmiml phmr 
separation presented in section 3. IX  Interestingly, the enhanced mechanical properties
afforded by the three stage schedule show an opposite trend to the two stage heal  treatment, 
decreasing with increasing TÌO2 content. The high toughness values obtained for the 2% TiC>2 
material subjected to the three-stage heat treatment could not be seen to be improved further by 
investigation o f  lower HO2 dopant rammunnimn dnr to the imf-nnrmlleH devitrification 
observed at the 1%  dopant level.
Unfortunately, upon crystallisation o f  the 10~3 mol %  Pl-doped glass, a series o f open 
cracks developed, thereby making machining very difficult and certainly
s for K lc  as a function o f concentration for the glass, 
linimum in the devitrified material (taking the 1XT^  mol
%  doped samples to have a toughness o f effectively zero); both sets o f values becoming poor, 
even when compared to the other doped glasses. Hardness and Young’s modulus values are 
comparable with the other materials investigated in the present work.
10Ü
CHAPTER FOUR 
DISCUSSION
This and other work has demonstrated an increase o f about 3 orders o f magnitude in 
lues under ambient conditions in haloborate glasses upon 
Comparable conductivity values at the proposed operating 
temperature o f the sodium-sulphur cell ( ~  350*C) were obtained, but the low Tg values o f the 
glassy materials would v**™ to preclude their commercial exploitation There are three 
raplmiiitifiTK possible for thi« increase, namely the formation o f a highly c
to form a more highly conducting g l » «  matrix.
It is the first which is most favoured following the early work by Daniels [9], who has 
shown the crystal phase to be more highly electronically conducting from charging experiments 
in the S E M  However, it is unclear to the author what microscopic details in any o f these mdoels 
would account for the observed behaviour; namely higher measured conductivities in the 
glass-ceramic at lower temperatures, with approximately equal conductivities at elevated 
temperatures. It may be expected that the higher conductivities would continue to be observed 
for the devitrified materials at a rate equal to or exceeding those o f the parent glass with 
increasing measurement temperature. The fundamental question o f the difference between the 
two states responsible for this discrepancy remains.
Infra-red and Raman s d this respect, apart from  the
sharpening o f the spectra i
conductivity [9], or at most, a comparable value. Irion et aL [106] measured the conductivity o f a
systems, and postulated a subtle unspecified structural reorganisation as the underlying cause. It 
was proposed that this reorganisation caused a reduction in both electrostatic and lattice strain 
energy barriers from the viewpoint o f the Anderson-Stuart model
One possible explanation o f the observed conductivity enhancement in the 
polycrystalline materials may be inferred from infra-red spectroscopic results. Here, the 
presence o f  direct B-Cl bonding is postulated, which may form a more open ho6t network due to 
the rJilnrinf atom being directly bonded into fhr structure.
I f  B-Cl bonding is in evidence, then there will be an increased nunfcer o f non-bridging 
oxygens in the network, which would result in a decrease in f lo w ' related properties with 
increasing h«u<tp rmnwii Such measurements are HifRmlt to perform on the isolated crystal 
phase from  the viewpoint taken in this work.
A  converse argument, o f the halide "stuffing’  the crystal structure, hence increasing the 
overall rigidity and consequently the viscosity would imply the occurrence o f a conductivity 
minimum with increasing hwliftr mntr.nt T his idea may be visualised as the structure being 
opened by the halide at low dopant concentrations to increase the number and size o f the 
conducting channels. However with increasing dopant content, the channels will now become 
blocked, thus increasing the conductivity once more. This phenomenon has been observed in the 
N82640-7-M nC ^ system. Unfortunately T g  or viscosity values do not exist to provide support 
for the presented hypothesis.
The final point regarding conductivity data concerns the brief investigation o f a
ag frequency showed
106
Previous work has indicated an apparently non-systematic hysteresis effect in the 
conductivity values of glass-ceramic specimens for subsequent temperature scans. Comparable 
behaviour may be inferred from this work, although a phase transition not reported previously at 
~280°C was also in evidence. Later attempts to determine optimum values in a more
A  recent Magic Angle Spinning (M A S ) NM R study (Appendix 3) on the 
Na2B4C>7-NaCl system o f materials has shown crystalline borax contain 4 crystallographically 
distinct sodium sites, an observation which is borne out by an early X-ray structure 
determination [199). The spectrum of highly-doped chloride-containing crystalline compounds 
shows only 3 sites, in different concentrations to  those in the more complex spectrum o f the base
equivalent anion and cation concentrations (Le. not showing the above mentioned conductivity 
anomaly) indicate that conduction occurs from one or two o f these sites. It is the third 
(eliminated) site that is observed in the poorly conducting analogues.
This may be consistent with the X-ray diffraction experiments performed in this work, 
c ii»y  rhnngfi in rhr diffraction patterns for crystalline AB and the halogen-doped analogues 
were observed. However, these changes varied for diffraction patterns obtained from different 
instruments. Further investigations are required to understand this discrepancy More specific 
information may be obtained from high temperature diffraction studies. Unsuccessful efforts 
were made during the course o f  this work to  commission such equipment.
Optical (Infra-Red and Raman) spectroscopy which should be sensitive to changes in 
local environment, fl' cn showed cqthp. variations in ^  materials with increasing halirfp content, 
although no inferences regarding the changes in structure responsible for the enhanced 
conductivities from the glassy to crystalline states could be made. This is surprising, since 
thermal frp ancinn which akn reflects of ninWnilar motion, changes quite
significantly (by a factor - 3 )  for the base m aterial N838407, for the glass and its
-  107
compounds. This would comprise low frequency conductivity, Tubandt
measurements and M AS  NM R. I f  the concentration o f each conducting ion is identified from
crystalline sodium chloroborates by neutron diffraction, where the conduction path may be 
in ferred by the size o f the "gaps" within the crystal structure.
It is hoped that the conclusions o f  this investigation will enable the conduction process 
to  be determined »nd understood. The properties o f this material may thr.n be optimised in 
terms o f the ionic conductivity and chemical stability that may be expected in service in a
lb  obtain a high quality material from the viewpoint o f controlled nucléation and
TiC>2- Results obtained during the course o f  this work show NaCl-doped materials to have high 
mechanical strength and good conductivity but poor nucleation characteristics compared to 
samples doped with TiC^- However the addition o f T1O2 appears to have a deliterious effect
m ay have been obtained for the Nad-coped  test specimens via the thermal expansion mismatch 
between the glass and crystal phases [13].
Finally, it would appear that the B2C>3-NaQ binary system wou provide both structural
and the characteristics o f the conduction path deduced from
conductivity measurements, then this could be related to the concentration o f ions at each site
determined via NMR.
This invc the forthcoi o f the
crystallisation, combined with good mrehaniral measured conductivities, it
would that future efforts should be concentrated on materials doped with both N a d  and
Early work by Dunicz and
this system is not possible. A
scries o f repeat experiments performed in this work to attempt to gain five I-R
108
two-phase product was obtained: a soft green crystalline material identified as N a d  by XRD, 
and a colourless glass which exhibited the rapid hydrolysis characteristics o f B2O3. It is 
therefore concluded that structural information must be obtained by appropriate experiments on 
ternary glasses.
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CHAPTER FIVE 
CONCLUSION
Due to the unavailability o f an early conductivity measurement apparatus [9], a series of 
new experimental techniques have been employed and appropriate equipment constructed to 
investigate the ionic conductivities o f  chloroborate glasses and glass-ceramics. The final 
apparatus, using frequency response analysis, appears to be the most promising in the attempt to 
perform valid measurements o f ionic conductivity and model the conduction paths in these 
materials. A  computer program to perform analyses o f this data in terms o f discrete electrical 
components and determine their optimum values has been written, and the initial trials o f its 
generality and accuracy appear to be promising. Results from the analyses performed here on 
data acquired for a standard specimen, Coors alumina, indicate an apparent irreconcilable 
difference between permittivity values deduced from base equivalent circuit parameters 
obtained using models based on one and two distinct relaxation mechanisms.
A  previously observed 'hysteresis' effect in the crystalline halogen doped specimens has 
been observed, together with a previously undocumented 'phase change" at -  280*C. In the runs 
performed to observe this phenomenon, behaviour consistent with electrode dissolution 
reactions was also observed. No explanation has been presented to account for this behaviour 
The anomalous responses observed with the glass-ceramic specimen appears to be qualitatively 
consistent with the observations which led to the cessation o f earlier measurements employing a
A  new apparatus employing a modification of standard transport number measurements 
has been constructed to determine the transport number o f each conducting species present in 
these materials. Measurements performed on a P-AljO^ ceramic specimen appear to yield 
measurable differences in ion concentration at H«r witrwniriiM o f rhr specimens tested. The 
calculation o f transport numbers, has however, yet to be performed. Since this alternative
technique em ploys a d ifferent w o rk in g  view point  from  methods in usage (Le. the
- 110
measurement o f ion "flow" from a good source o f the primary conducting ion to an equally good 
sink) then a revised analytical method is required.
A  new process for converting surface nucleating glasses into fine-grained glass-ceramics 
has been developed and successfully used in the production o f haloborate glass-ceramic tubes 
for degradation studies. Simple experiments have shown the particle size and chemical species 
o f the surrounding particulate medium to have a pronounced effect upon the general 
appearance o f the finished product.
For the 'conventionally' prepared glass-ceramic specimens used in mechanical strength 
testing, control over the nudeation and growth process has not been attained, with the 
production o f voids, pipes and small cracks producing the dehterious effects on measured 
toughness values. In an effort to rectify this situation, an extensive study has been performed to 
attempt to dr^yrrminr an optimum h fjii treatment schedule. This investigation proved 
munircrstfnl
A  complementary series o f experiments which examined the effects o f concentration of 
a o f thr. must common nucleating agents on thr. rryKialliMtinn properties has also been
performed. The greatest control over the crystal growth kinetics was found for low (~  2 mol % ) 
concentrations o f TiC>2- The effects o f metallic platinum as a nucleating agent were seen to have 
detrimental effect» upon ^  mcchnnic»! properties o f both the g l » «  and the converted 
glass-ceramic.
For the poorly nucleating materials, »ignifiennt problems in machining the highly brittle 
yet fragile specimens were encountered. N ew  techniques have been developed and appropriate 
equipment constructed to overcome these difficulties.
The optimum toughness values obtained, for the 20 mol %  NaCl doped glass-ceramic 
specimens, have been found to exceed one half the value measured for a commercial sodium 
^'-alumina ceramic. For such a poorly nucleating simple glass system this result is fell to be 
most encouraging, since other more complex base glasses will undoubtedly increase this value 
substantially with the production o f tougher crystalline phases and associated control over
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CHAPTER SIX 
FUTURE WORK
The equipment development necessary to further investigations o f this unusual glass 
system is essentially complete. Future areas o f  research can now be carried out on mechanical, 
structural and microscopic levels.
1. The bulk nucleation properties o f other mixed alkali and mixed halide borate-based 
systems rnn be investigated, and th r corresponding rffrcts upon m^hanirnl and 
electrical properties determined. T h e  link between these two types o f measurement 
may be expressed in terms o f volume fraction and mean crystallite size o f the crystal 
phase(s). The most promising area o f  study would seem to be in the A B -N a C H K ^  
ternary system.
2. A  strategy for the measurement o f  transport numbers in these systems has been
in a fuller understanding o f the applicability o f the mixed alkali effect to halide 
containing glasses and glass-ceramics. This may require a more general investigation o f 
silicate or phosphate glass systems, which i f  necessary may be used to present an
3. T o  determine the crystal structure o f  the conducting phase, examine presented data on 
the ejrte.ni o f B-Cl bonding and interpret its relevance to the conduction mechanism 
This may complement an M AS  N M R  study o f the sites within the lattice responsible 
for conduction.
4. An  understanding o f the observed three orders o f magnitude increase in the room 
temperature conductivity o f the single glass-ceramic specimen investigated in the 
current work is felt to be important, and to determine if  this effect may be extended to 
higher temperatures (~  300 - 350* C ), so that these materials may become good 
commercial competitors to the P '-A l jC ^  electrolyte currently favoured for use in the
Na-S cell.

1 1 4
REFERENCES
C.C. Hunter, M.D. Ingram, Solid State Ionics 14 (1984) 31. 
F.Y. Tsang, U.S. Patent 3829331.
S. Badzioch, European Patent 0079228 AL
P.B. Daniels, P h i).  Thesis, University o f  Warwick 1984.
m. Ceram. Soc. 54 (1932) 3841.
J. Wong, C A .  Angell, 'Glass structure by spectroscopy’ , Dekker, 1976.
P.W. McMillan, "Glass ceramics’  Academic Press 1979.
B.R. Lawn, TJR.. Wilshaw, "Fracture o f  brittle solids’ , Cambridge University Press 1975.
P. McGeehin, A . Hooper, J. Mat. ScL 12 (1977) L
Rawsan^’ PropcrtiGS and applications o f glass’ , Glass Science and Technology 3,
LSd. U(1976) 994.
1 1 5
24. Y .  H a ven  in "Solid  e lectrolytes. G enera l principles, characterisation, materials, 
ab d ica tion s* Chapter 5 (p . 59), P . Hagenm u ller, W . V an  G o o l  (e d s .) A cad em ic  Press
25. H . Jain , J. Non-Cryst. Sol. ££ (1984 ) 517.
26. R . J. E llio tt, A  F. G ibson, "Solid  S ta te  Physics", M acm illan 1976.
27. G . C ou tu rie r  et aL, S o lid  S tate Ion ics  9  and 10 (1983) 699.
28. J .O . Isa rd , J. S d  Instrum. 4Q (1963 ) 403.
29. F J l .  C on n er, "Noise", E dw ard  A r n o ld  1962.
30. H . M ito m o , V . Ucm ura, J. M at. Sci. L e tt .  26 (1981) 552.
31. J .L . P igu et, J.E. Shelby, J. A m . C eram . S oc. 68 (1965) 450.
32. M J .  H ya tt, D £ .  D ay, J. A m . C eram . S oc. Comm. 7Q (1987 ) C-283.
33. T . M in a  m i T . Shimizu, M . Tanaka, S o lid  State Ionics 9 and 10 (1983 ) 577.
34. D . H ayw ard , M . Gawayne, B . M ahboubian-Jones, R A  Pethrick , J. Phys. E . Instrum. 17 
(1984 )683.
35. "S tandard  m ethod o f  test fo r  e lec tr ica l resistance o f  ceram ic materials at elevated 
tem peratures". A S T M  D 1829-66
36. "S tandard  m ethod o f  test fo r  a -c  loss characteristics and d ielectric  constant 
(p erm ittiv ity ) o f  solid  e lectrical insu lating materials’ , A S T M  D 150-74.
37. A J * . French , "V ibrations and waves’ , N e lson  1978.
38 R  Coe& Q , "Physics o f  d ielectrics  f o r  rh r engineer", studies in engineering
V I ,  E lsev ie r  1979.
39. A J C  Jonscher, Nature 2£J (1975) 717.
40. AJC . Jonscher, J. M a t  S c L lS  (1978 ) 553.
4 L  A .K . Jonscher, in "Physics o f  d ie le c tr ic  solids’ , C ..H.L. G ood m a n  (o d .) Institute o f  
Physics, C on ference series 58,1980.
42. R J i .  C o le ,  in  "Physics o f  d ielectric  so lid s ’ , C H L  G oodm an  (e d . )  Institute o f  Physics, 
C on fe ren ce  series 58,1980.
43. D  J». A lm on d , C .C. H unter, A J L  W e s t ,  J. M at. S c i l g  (1984 ) 3236.
44. R. Syed, D.L. Gavin, C.T. Moynihan, A.V. Lesikar, Comm. Am. Ceram. Soc. §4 (1981) 
C-118.
45. KJL Mallick, PhD. Thesis, University of Sheffield 1988.
46. JR. Macdonald, A. Hooper, AJ*. l^ thnen. Solid State Ionics £ (1962) 65.
47. Y.T. Tsai DJI. Whitmore, Solid State Ionics 7 (1982) 129.
48. MJ. Verkerk, BJ. Middelhuis, AJ. Burggraaf, Solid State Ionics £ (1982) 159.
49. J.C. Wong. NJ. Dudney, Solid State Ionics 18 and 19 (1986) 112.
50. DR. Wiles, R^. Young, J. AppL Cryst. 14 (1961) 149.
1 1 6  -
SL P. Rudolf. A. Clearfield. Acta Crvst. B41 (19851418.
52. R . Shirley, "Methods and applications in crystallographic computing", S.R. Hall, T. 
Ashida (eds.) Clarendon Press 1984.
53. ELA. Davis, S R . Elliott, G.N. Greaves, D  JP. Jones in "The structure o f non-crystalline 
materials’ , P.H. Gaskell (ed.), Taylor &  Francis 1977.
54. P.H. Gaskell, Phil Mag. 22 (1975) 21L
55. C J L L . Goodman, Phys. Chem. Glasses 27 (1986) 27.
56. T M .  Hayes in T h e  structure o f non-crystalline materials 1982", P.H. Gaskell, JM . 
Parker, E A .  Davis (eds.) Taylor &  Francis 1983.
57. L J i.  Freeman, A . Howie, A.B. Mistry, P H . Gaskell, in "The structure o f non­
crystalline materials", P H . Gaskell (ed.), Taylor &  Francis 1977.
58. K  Hulls, PhX>. Thesis, University o f  Warwick 1970.
59. H . Hagjwara, R. Oyamada, T. Kurosawa, T. Yngihashi, J. Electrochem. Soc. Japan 37 
(1969)193.
60. R . Dupree, N. Ford, D. Holland, Phys. Chem. Glasses 2g (1987) 78.
61. B M J .  Smets, TJ\A. Lommen, J. Non-Cryst. Sol. 4§ (1982) 423.
62. PJ . Bray, M . Lèvent hal, R O . Hooper, Phys. Chem. Glasses 4 (1963) 47.
63. P. Tarte, M J. Pottier, in "The structure o f non-crystalline materials", P H . Gaskell (ed.), 
Taylor &  Francis 1977.
64. O . Yamaguchi, A . Narai, K. Shimizu, J. Am. Ceram. Soc. Comm. C-36 (1986).
65. J. Briscoe. B £ . Warren. J. Am. Ceram. Soc. 21 (1938) 287.
66. N . Valenkov, E A  Porai-Koshits, Z . Krist. 91(1936) 195.
67. HJ*. Klug, L.E. Alexander, "X-ray diffraction procedures", W iley 1954.
68. S. Rao, C R  Houska, Acta Cryst. A42 (1986) 6.
69. S.W. Lovesey, "Theory o f neutron scattering from condensed matter", Volume L  Oxford 
University Press 1986.
70. J. Krogh-Moe, Phys. Chem. Glasses g  (1965) 46.
7L EJM. Boulos, NJ . Kreidl, J. Am. Ceram. Soc. &  (1971) 368.
72. W L  Konijnendijk, Philips Research Reports Supplements 1 (1975) L
73. A . Abragam, "Principles o f nuclear magnetism’ , Clarendon Press 1986.
74. PJ . Bray, J.G. O 'Keefe, Phys. Chem. Glasses 4 (1963) 37.
75. PJ . Bray, F. Bucholtz, A.E. Geissberger, IA .  Harris, Nuclear InstrumenU and Methods
199 (1982) 1.
76. L A . Harris, P  J. Bray, Phys. Chem. Glasses g  (1984) 44.
77. H . Jain, R L .  Downing, N.L. Peterson, J. Non-Cryst SoL £4 (1984) 335.
78. P J .  B ray, A R .  Geissberger, F. B u cho ltz , L A .  Harris, J. N on -C ryst. S aL 22 (1982) 45-
117
79. J. Krogh-Moc, Phys. Chem. Glasses 2 (1962) 1-
80. PJ. Bray, R.V. Mulkcm, EJ. Holupka, J. Non-Cryst. Sol. 25 (1985) 37.
81. I. Simon, in "Modem aspects o f  the vitreous state", JD . MacKenzie (ed.), Butterworths 
1960.
82. T.W . Bril, Philips Res. Reports Supp. 2 (1976) 1.
83. G. Hertzberg, "Infra-red and Raman spectra", van Nostrand 1968.
84. J. Krogh-Moe, Arkiv. for Kemi 14 (1959) 567.
85. G J .  E xarhos, W .H . R isen, C hem . Phys. Le tt. IQ  (1971) 464.
86. G . Hartlief, reviewed by S. Um es, in "Modem aspects o f the vitreous state", JD . 
MacKenzie (ed.), Butterworths 1960.
87. A J . Sturgeon, PhD . Thesis, University o f Warwick 1987.
88. R~S. Krishnan, R. Srinvasan, S. Devanarayanan, "Thermal expansion in crystals’ . 
Per gam on 1979.
89. H . Rotger, in "Amorphous materials’ , R.W. Douglas, B. Ellis (eds.) Wiley-Intersdence 
1970.
90. "Differential thermal analysis" Volume 2, R.C. MacKenzie (ed .) Academic Press 1972.
91. Stolvar, Klyuev, Bulaeva, Soviet J. Glass Phys. Chem. IQ (1984) 291.
92. C A .  AngelL Solid State Ionics 18 and 19 0986172.
93. JJri. Gibbs, in "Modem aspects o f the vitreous state", JD . MacKenzie (ed.), 
Butterworths 1960.
94. P.M. Whelan, M J. Hodgson, "Essential principles o f physics’ , John Murray 1974.
95. F.W. Sears, G J .  Salinger, "Thermodynamics, kinetic theory and statistical 
thermodynamics’ , Addison-Wesley 1975.
96. AJR.. West, "Solid state chemistry and its applications', W iley 1985.
97. J. Briscoe, BJE. Warren, J. Am . Ceram. Soc. 21 (1938) 287.
98. T . Abe, J. Am . Ceram. Soc. 40 (1952) 284.
99. K. Grjotheim, J. Krogh-Moe, reviewed by J. Krogh-Moe in Arkiv for Kemi 14 (1959) 
553.
100. B. Beekenkamp and G A  Yunitskii, V.V. Tarasov, reviewed by DJR. Uhlmann, R.R. 
Shaw.J.Non-ûyst. SoL 1 (1969) 547.
101. J. Krogh-Moe, Phys. Chem. Glasses 2 (1962) 101.
102. J. Krogh-Moe, Arkiv for Kemi 14 (1959) 553.
103. D JI. Uhlmann, RJL  Shaw, J. Non-Cryst. SoL 1 (1969) 547.
104. D . Kline, PJ. Bray, Phys. Chem. Glasses 7 (1966) 4L
105. T . Nishida, N. Kai, Y. Takashima, Phys. Chem. Glasses B  (1981)107.
106. T . Minami, Y. Ikeda, M. Tanaka, J. Non-Cryst. SoL g  (1982) 159.
107. M. Irion, M. Cou», A . Levasseur, J.M. R  eau, J.C. Brethous, J. Solid State Chem. 21 
(1980)285.
108. J £ . Gordon, T h e  new science o f  strong materials’ , Penguin 1976.
109. G .W. Hollenberg, G .R. Terwilliger, R.S. Gordon, J. Am. Ceram. Soc. 54 (1971) 196.
110. D. Hull, Introduction to dislocations', Pergamon 1979.
111. TJ\ Dabbs, B.R. Lawn, J. A m  Ceram  Soc. 68 (1985) 563.
112. HJL. Ewalds, RJ.H . Wanhill, ’ Fracture mechanics', Edward Arnold 1984.
113. DJvl. Allen, Uncorrected preprint from 15th InL Power Sources Symp. 1986.
114. B.F. Brown, ‘Stress corrosion cracking in high strength steels’ , U.S. Naval Res. Labs., 
Washington 1972.
115. B.R. Lawn, B J. Hockey, S.M. Wiederhom, J. M at ScL 15 (1980)1207.
116. T A .  Michalske, S.W. Freiman, J. Am . Ceram. Soc. 66 (1983) 284.
117. M. Inagaki, K. Urashima, S. Toyomasu, T. Goto, M. Sakai, J. Am. Ceram. Soc. 68 
(1985) ?04.
118. T .A . Michalske, EJL Fuller, J. A m  Ceram Soc. 68 (1985) 586.
119. HJE. Powell, F.W. Preston, J. Am . Ceram. Soc. 2§ (1945) 145.
120. A S TM  D  785-65. ’Standard method o f test for Rockwell hardness o f plastics and
incnlating materiale"
121. D.N. Jarrett, P.W. McMillan, J. Phys. E. : Scientific Instrumente 7 (1974) 913.
122. A .G . Evans, J. Am. Ceram. Soc. 65 (1982) 127.
123. D J .  Marshall, T . Noma, A G .  Evans, Comm. A m  Ceram  Soc. 65 (1982) C-175.
124. D J .  Marshall, J. Am. Ceram. Soc. 66 (1983) 127.
125. J £  Henshall, C A .  Brookes, J. M at. Sri. LeO. 4 (1985) 783.
126. B.R. Lawn, A G .  Evans, D £ .  Marshall, J. Am. Ceram. Soc. 62 (1980) 574.
127. G.R- Anstis, P. Chantikul, B.R. Lawn, D ü . Marshall, J. A m  Ceram Soc. 64 (1981) 533.
128. P. Chantikul, G R . Anstis, B R . Lawn, D Ü . Marshall, J. A m  Ceram Soc. 64 (1981) 539.
129. TJ\ Dabbs, BJL Lawn, Com m  A m  Ceram Soc. 65 (1982) 037 .
130. Kimura, Yagasaki, Kunio, Eng. FracL Mech. 19 (1984) 1025.
131. fro, Tomozawa, Comm A m  Ceram  Soc. 64(1981)0160.
132. T A  Michalske, B .C  Bunker, J. A m  Ceram Soc. 7Q (1987) 780.
133. fro, Tomozawa, J. Am. Ceratn. Soc. 66 (1983) 765.
134. K. Kendall, N. McN. Alford, S U . Tan, JD . Birchall, J. Mater. Res. 1 (1986) 120.
135. J J . Knott, D. Elliott, “W orked in fracture mechanics', Institution o f
Metallurgists 1979.
136. DJC Shetty, A J L  Rosenfield, W J L  Duckworth, PJl. Held, J. Am . Ceram Soc. 66 
(1983) 36.
137. A S T M  C 648-78. The breaking strength o f ceramic tile.
138. JJE. Ritter, K. Jakus, A . Batakis, N. Bandyopadhyay, J. Non-Cryst. So l 38 and 39 
(1980)419.
139. J.L. Henshall, DJ. Rowcliffe, J.W. Edington, J. Mat. ScL L e tt 2 (1974) 1559.
140. CJE. Turner, Imperial College, London, private communication.
14L DJC. Shetty, A J L  Rosenfield, W J L  Duckworth, Comm. A m  Ceram  Soc. 66 (1983) 
C-10.
142. B JL  Lawn, J. A m  Ceram. Soc. 66 (1983) 83.
143. JJE. Srawley, M J L  Jones, B. Gross, NA SA  TN  D-2396 (1964).
144. B. Gross, J £ . Srawley, N A S A  T N  D-3092 (1965).
145. B. Gross, J £ . Srawley, N A S A  TN-2603 (1965).
146. W F. Brown, J JL Srawley, A S T M  S.TJ». 410 (1966).
147. S. Timoshenko, 'Strength o f materials'. Van Norstrand 1958.
148. R  J .  Cook, B JL Lawn, Com m  A m  Ceram Soc. 66 (1983) C-200.
149. G  JL  Anstis, P. Chantikul, B.R. Lawn, D3 .  Marshall, J. A m  Ceram Soc. 6 i  (1981) 533.
150. D J .  Marshall, BJL Lawn, A .G . Evans, J. A m  Ceram  Soc. 65 (1982) 56L
151. RJF. Pabst, in "Fracture mechanics of ceramics* VoL 2, p. 555 (Proc. Symp. on fracture
152. P.V.C. Manning, CEGB internal report NER/SSD/R472, March 1982.
153. Ito,Tomozawa,J. A m  Ceram  Soc. 65 (1982) 368.
154. A .V . Virkar, DJC. Shetty, A .G . Evans, Corns. A m  Ceram. Soc. 64 (1981) C-56.
155. N . Claussen, B. Mussier, M .V . Swain, Comm. A m  Ceram  Soc. 65 (1982) C-14.
156. B. Mussler, M.V. Swain, N. Oaussen, J. A m  Ceram Soc. 65 (1982)566.
157. E.E. Underwood, "Quantitative stereology", Addison-Wesley 1970.
158. J.A. Szpunar, BJL Tanner, J. M at. ScL 19 (1984) 3249.
159. H . Jain, ILL . Downing. N i .  Peterson, J. Non-Cryst. SoL 65 (1984)335.
160. J J .  Farmer, Borax Research Ltd., Chessington, Surrey, private communication.
161. J £ .  Shelby, J. Am. Ceram Soc. 66 (1983) 225.
P.W . McMillan, J. Non-Cryst. SoL g  (1962) 67.
PJ. James, in 'Advances in ceramics’ VoL 4. 'Nucléation and 
JJL Simmons, DJL Uhlmann, GJi. Beall (eds), American O
162.
163. crystallisation in g s lu r * ',  
eram ic Society 1981.
120
164.
165.
166.
167.
168.
169.
170.
171.
172.
173.
174.
175.
176.
177.
178.
179.
180. 
181. 
182.
183.
184.
185.
186.
187.
190.
19L
CJJR. Gonzalez-Oliver, P.S. Johnson, P i .  James, J. Mat. ScL 14 (1979) 1159.
H. Tomozawa, R Ü . Dorcmus (eds.) Academic Press 1979 pp. 115-172.
R . F. Cook, B i .  Lawn, T i .  Dabbs, P. Chantikul, Comm. Am . Ceram. Soc. g4 (1981) 
C-12L
J i .  Archard, Physics Bulletin 26 (1985) 212.
D. Johnson-Walls, A.G . Evans, D £ .  Marshall, M JL James, J. Am. Ceram. Soc. 69 
(1906)44.
S. Badzioch, Final report, Borax Research Limited.
A_E. Owen, Phys. Chem. Glasses 2 (1961) 87.
W.C. Hagel, JD . MacKenzie, Phys. Chem. Glasses 5 (1964) 113.
Technical data sheet 4A , Borax Consolidated Ltd., London 1978.
B. L . Dunicz, R .C  Scheidt, R eport no. USNRDL-TR-752 (1964).
R. Thompson, Borax Research L td , Chessington, Surrey, private communication.
E. Hecht, A . Zajac, 'Optics’ , Addison-Wesley 1979.
H J . Mathers, University o f Warwick, private communication.
"Neatcut" oil, Kaycx Corporation, Rochester, NY14624, U.S.A.
Production Techniques LtcL, 13 Kings Road, Fleet, Hants.
Hyprcz fluid type O/S (oil based) Engis L td
G. Tomandl, H jA. Schaeffer, J. Non-Cryst. SoL 72 (1985) 179.
M D .  Ingram, Phys. Chem. Glasses g  (1987) 215.
D JI. Bridge, PhD . Thesis, University o f Warwick 1987.
W .G . Amcy, F. Hamburger, 'A  method for evaluating the surface and volume resistance 
characteristics o f solid dielectric materials’ . Trans. A J T J I .  &  (1959) 1079.
Technical data sheet, Coors Ceramics U K  L td , Glenrothes, Scotland
R. Greet, R. Peat, L M . Peter, D. Piet cher, J. Robinson, "Instrumental methods in 
electrochemistry. Ellis Harwood 1985.
C. Tubandt in Handbuch der Experimentalphysik ¿2 (1932) Chapter 3, p. 383.
-  121 -
192. JCPDS 28-1178.
193. J.R. Lâcher, J. Am. Chem. Soc. ]4  (1952) 5293.
194. M. Falk, PA.. Giguerc, Can. J. Chem. 35 (1957) 1195.
195. R J .H . Clark, P D . Mitchell, J. Chem. Phys. 56 (1972) 2225.
196. C .A. Jasper, 3rd Year Project Report, University o f Warwick 1984.
197. S. Mason, PhD . Thesis, University o f Warwick 1988.
198. B JL  Lawn, TJL  Wilshaw, J. M at. Sd. 10 (1975) 1049.
199. J-L. Chennant, M. Coster, J. M at. ScL 14 (1979) 509.
200. AJEL Heuer, N. Claussen, W .M . Kriven, M. Ruble, J. Am. Ceram. Soc. 65 (1982) 642.
201. M .V . Swain, Comm. Am. Ceram. Soc. 68 (1985) C-97.
202. J. Krogh-Moe. Acta CrvsL B30 (1974) 578.
203. G. J. Pratt. M . J. A . Smith, J. Phys. E: Sd. Instrum. 1£ (1982) 927.
APPENDIX 1
Equivalent Circuit Responses Used in Simple Complex Impedance 
Analyses and Time Domain Spectroscopy
The algebraic equations for a selection o f displayed circuits are shown on the following 
pages. A  simple analysis is presented below  which shows the Cole-Cole plot o f an R -C  parallel 
circuit to be truly circular.
Z  -  ' (A 1 )
For a circle with centre at (a,b), radius r, the parametric equation is given by
(i-m)2 + (y-b)2 -  r2 (A2)
Assuming the variation to follow a circular locus, the x (real) and y ( imaginary) expressions for 
the impedance from A1 are substituted in A 2  and the equation simplified to  give
R 2 +  (1 +  » 2R 2C 2)(2 b «R 2C  - 2Ra) +
+  (1 +  2 »2r 2c 2 + i»4* 4C ty «2 + b2) -  r2. (A3)
Since a,b and r cannot be functions o f u , the coefficients can be examined separately;
« ° : R 2 - 2Ra +  a2 +  b2 -  i2 (A 4 )
2bR2c -  0 >  b -  0 (A 5 )
«2 ; -2aR3C2  +  R *C2 +  2R2C2(a2 +  b2)  -  0. (A 6 )
Since b -  0 from (A5 ), this equation simplifies to give
R (R  - 2a) +  2a2 -  0 (A7 )
a2 - ! * >  a  -  ±r.
Substituting in (A 4 ) gives a -  R/2.
Therefore the response o f a simple R -C  parallel circuit has been shown to be semicircular, with 
the centre at (R/2,0), radius R/2, a result often referred to in texts introducing the features o f 
Cole-Cole plots.


Equivalent circuits used in the optimisation routine formulated during the 
course of this work.
■ • - q p -
2 . j A / W V j
3 . _ J - V V W H  ( - | ^
s ~
II c
" — \AAA/—| (—
s rA /W \ H  ( - i t A A /W i
*— v w v — n — ii— I-
’ 3
" l  C,  *2
b. |*WW—I h-j j^ WW-|
<=3 CZ
7_ rWA/SrH |-j
” 1— V V A A r — '
"2
Z • » -  WB C
1 .  „ V c 2
z . "i - K s  ♦ »2 - >*2 c2
' * "2*i*c,4 ' * »%%*
z .
¡ ¡ * R 2 C 2 C2  .  . 2 (C ) ^ J f  
.  J . ( C ) .C 2- R 2 » 2 C 2 C2 )
1 1 2  1 2  
Z = R -  JwC
7?
Z .  «3(1 .  » , C , )  „  R2 *1
.  J « C ,( R , .R 3 ) 1 ♦ J - R j Cj
1 •  > R ,C ,  R2
RjC ^ j .J wIC ^ C j ) 1 *  > R 2C2
Z . .  ’
'  -  > * , i ,  ^
Z . »1 -  ■)“». S  .  »2 -  > *2  C2 .  ,
1 .  n* ! , ^ , 2 1 .  n2!^ 2!^ 2

THE BORIC OXIDE ANOMALY -  A LINK BETWEEN 
MACROSCOPIC AND MICROSCOPIC MEASUREMENTS?
A P Kemp+ and D Holland 
Centre for Advanced Materials 
Physics Department 
Warwick University 
COVENTRY CV4 7AL 
U.K.
Now at: Physics Department, University of Nottingham, University
Park, Nottingham, U.K.
- 1 -
A r e c e n t  p u b l i c a t io n  b y  P ig u e t  and S h e l b y t l ] ,  in  w h ich  th e  s i l v e r  
and a l k a l i  m e ta l b o r a te  g la s s  s y s tem s  have been  s t r u c t u r a l l y  l ik e n e d  on 
th e  b a s i s  o f  p h y s i c a l  p r o p e r t y  c o m p a r is o n s ,  has  on ce  a g a in  p rom oted  
d is c u s s io n  o f  th e  n a tu re  o f  t h e  b o r i c  o x id e  anom aly and has sh o rn  th a t  a 
c l o s e r  e x a m in a t io n  o f  t h e  a v a i l a b l e  d a t a  i s  r e q u i r e d  b e f o r e  su ch  
com parison s  can  be made. P u r th e rs ro re ,  such an e x a m in a t io n  can a ls o  r e v e a l  
h i t h e r t o  u n n o t ic e d  f e a t u r e s .
As one exam p le  o f  th e  s i m i l a r i t y  o f  th e  tw o  s ystem s, P ig u e t  and 
S h e lb y  d i s p la y  th e  v a r i a t i o n  in  m o la r  volume w ith  in c r e a s in g  Ag2 0  c o n t e n t ,  
upon w h ich  i s  su p erim posed  a " l i n e  o f  b e s t  f i t "  f o r  th e  sodium b o r a te  ca se  
o b ta in e d  from  th e  r e s u l t s  o f  o t h e r  w o r k e r s [2 ] .  T h is  does  s u p e r f i c i a l l y  
appear t o  be " i n  e x c e l l e n t  a g r e e m e n t” , as s ta t e d  by th e  a u th o rs ,  how ever 
c lo s e r  e x a m in a t io n  o f  th e  o r i g i n a l  s i l v e r  d e t a i l ]  shows th e  e x is t e n c e  o f  a 
'w i g g l e ”  su p erim posed  upon a m o n o to n ic a l ly  d e c r e a s in g  v a r i a t i o n  o f  m o lar 
volum e w ith  in c r e a s in g  s i l v e r  o x id e  c o n t e n t .  A com p reh en s ive  r e - a n a ly s is  
o f  d e n s i t y  d a ta  from  th e  r e f e r e n c e s  e i t e d [ 2 ) shows th a t  a s im i la r  f e a tu r e  
a ls o  o c c u r s  in  th e  l i t h iu m ,  s od iu m  and p o ta ss iu m  sy s tem s . Some exam p les  
o f  t h i s  a r e  shown in  f i g u r e  1 . Zn a l l  c a s es  th e  " w i g g l e ”  can be s een  in  
th e  10-25  m o lt  m o d ife r  c o n c e n t r a t io n  ra n ge .
The o b s e r v e d  s c a t t e r  in  th e  c o n c e n t r a t io n  o f  R2 O a t  w h ich  t h i s  
f e a t u r e  o c c u r s  may b e  a t t r i b u t a b l e  t o  d e p a r t u r e s  fr o m  th e  n o m in a l 
c o m p o s i t i o n s  d u e  t o  m e l t i n g  a n d  s t o r a g e  p r o b l e m s .  (E v e n  w h e r e  
c o m p o s i t i o n a l  a n a ly s e s  h a v e  b e e n  p e r fo rm e d  t h i s  was u s u a l l y  o f  on e  
com ponen t o n l y ,  w h e re a s  any s t r u c t u r a l  e f f e c t  w h ich  a r i s e s  fro m  th e  
in t r o d u c t io n  o f  e x t r a  o x yg en  i n t o  th e  b o ra te  n etw ork  w i l l  r e f l e c t  n o t o n ly  
R2 O c o n t e n t  bu t a l s o  th e  p r e s e n c e  o f  H2 O and CO2  im p u r i t i e s . )
As has been  d is c u s s e d  in  a  r e c e n t  r e v i e w !3 ] ,  p re v io u s  in t e r p r e t s -
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t io n s  o f  th e  m ic r o s c o p ic  s t r u c t u r a l  v a r i a t i o n s  in  a l k a l i  m e ta l b o r a te  
g la s s e s  from  f i r s t  p r in c ip l e s  seem  t o  e x p la in  l im i t e d  s p e c i f i c  m a c ro s co p ic  
p r o p e r ty  c o m p o s it io n  changes  on a  q u a l i t a t i v e  b a s is  o n ly .  H e re  we a t te m p t 
t o  in t e r p r e t  t h i s  " w ig g le "  by e x t e n d in g  e a r l y  id e a s  o f  K rogh -M oe [ 4 ] ,  w h ich  
appea r t o  h ave  been  n e g le c t e d  b y  m ore r e c e n t  r e v ie w s ,  in  th e  f o l l o w in g  
argum en t.
E xa m in a t ion  o f  th e  now w id e l y  a c c e p te d  v a r i a t i o n  o f  H4 ( t h e  r a t i o  o f  
4 -c o o rd in a te d  b o ron  t o  t o t a l  b o r o n  a to m s ) w ith  m o d i f i e r  c o n te n t  o f  b o r a te  
g la s s e s ,  shows good agreem ent o v e r  th e  r e g io n  5 -2 0  m o lt c o n c e n t r a t io n s  
w ith  th e  fu n c t io n  * / l - x  as i n i t i a l l y  d e p ic t e d  b y  B ray  and 0 'R e e f e [ 5 ] ,  
shown as th e  d o t t e d  l i n e  in  F i g .  2 .  F o r  th e  p u rp o se  o f  i l l u s t r a t i o n ,  th e  
m ore  c o m p le t e  t h e o r e t i c a l  d e s c r i p t i o n  o f  t h e  v a r i a t i o n  o f  N 4 w i t h  
c o n c e n t r a t io n  e v a lu a t e d  by B ra y  e t  a l . [ 6 ] (show n as  th e  dashed  l i n e  in  
F i g .  2 ) w i l l  be m o d e lle d  t o  a g e n e r a l  G au ss ian  l in e s h a p e  o f  th e  f o r a  
A e x p [- B (x - C )2 J , f i t t i n g  w ith in  r e p o r t e d  e x p e r im e n ta l  s c a t t e r ,  a s  d e p ic t e d  
as th e  f u l l  l i n e  in  f i g .  2 .
I f ,  as  a g r o s s  s i m p l i f i c a t i o n ,  th e  m e ta l io n s  a r e  presum ed  t o  ta k e  
no a c t i v e  s t r u c t u r a l  r o l e ,  th en  t h e  r a t i o  N4 c o u ld  be taken  as  a m easure 
o f  th e  r a t e  o f  change o f  s t r u c t u r e  w ith  added o x yg e n  c o n c e n t r a t io n ,  from  
th e  "p la n a r "  b o r o x o l  r in g  s t r u c t u r e  com posed p u r e ly  o f  t r i g o n a l  b oron  
a to m s , fou n d  m a in ly  in  l o w - m o d i f i e r  c o n t a in in g  g l a s s e s ,  t o  th e  m ore 
c r o s s - l in k e d  n e tw o rk  c o n ta in in g  a p p ro x im a te ly  e q u a l c o n c e n t r a t io n s  o f  3 - 
and « - c o o r d in a t e d  b oron s  a t  h ig h e r  m o d i f ie r  c o n c e n t r a t io n s .  C o n s id e r  a 
g l a s s  h a v in g  a  g e n e r a l  m o la r  c o m p o s i t i o n  XR2 O . ( 1 - x ) B 2 O 3 , w h e r e  R 
r e p r e s e n ts  a m on ova len t m e ta l a to m . I f  th e  A v a g a d ro  c o n s ta n t  i s  d e f in e d  
as  N&, i t  i s  r e a d i l y  ap p aren t t h a t  th e r e  a r e  2Nj^ x m e ta l atom s and (2-2x)Na 
boron  atoms p r e s e n t .  L e t  us now t h in k  o f  th e  g l a s s  as  b e in g  com posed o f  a
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pseudo-random arrangement of spheres with r a d ii equal to the B-O 
separation, and that the radii for 3- and 4-coordinated boron-centred 
spheres are different. This postulate is essentially linking the Bernal 
hard sphere model with the RCN concept, which have been shown previously 
to be incompatible [7 ]. Therefore, representing the volumes of these
spheres by VB3 and VB4 respectively, and ignoring the contribution from
the metal ions by assuming then to accommodate themselves in the "gaps' in 
the network, we may express the molar volume as:-
m.v. = NAN3 (2-2x )Vb3 ♦ NAN4 (2-2x)VB4 
where N3 = 1-N4, N4 = Aexp(-B(x-C)2) . Defining the reduced variables VB3'
= 2NaVb3 and BB4 ' = 2NAVB4 to reduce errors in the ensuing analysis,
simplifying and substituting the previously determined values for A, B and 
C 'leads tot­
al.v. »  (1—x ) (V B3‘ ♦ (V B4* - V B3' ) [ 0 .46exp(—20(x - 0 .3 9 )* )]) 
Appropriate values for VB3' and VB 4 ' were obtained by tria l to produce a 
plot of the general form shown in f ig . 3. Comparison with experimental 
data shows some sim ilarities, and this could therefore be thought of as a 
representative model within lim itations.
Comparison with experimental data shows some sim ilarities, and this 
could th ere fo re  be thought o f as a representative  model w ithin  
limitations. Although the contribution from the alkali ions has been 
neglected, the coordination requirements of the model cannot be dismissed. 
At present this modification is represented by a concentration-independent 
constant. In reality it  is fe lt  that this simplistic assumption is not 
valid, particularly at low alkali contents, where the molar volume may be 
greatly increased due to the inception of the cross-linked four-coor­
dinated boron modification.
—4—
Considering the dynamics of the network in addition to its volume» 
thermal expansion is envisaged as a measure of the width of the potential 
well of a given system, which is  controlled by the symmetry of the 
(external) local environment surrounding a given atom. Therefore, for 
increased localised symmetry, an associated decrease in linear thermal 
expansion coefficient might be expected, such as with a change from 
trigonal to tetrahedral borons in a borate glass. Hence, a measure of the 
dependence of thermal expansion coefficient on modifier concentration 
might be obtained by differentiating N3 (*  I-N4 ) with respect to x, 
thereby obtaining a curve similar to that observed experimentally, as 
shown in f ig . 4. The model is not quantitative, however, producing a 
slightly broader minimum them is observed experimentally.
I f  this simple concept is valid  for higher modifier concentrations, 
then a maximum in the thermal expansion vs. modifier concentration curve 
is predicted from the point of inflection in the NMR data at -50 mol% 
modifier content, which is not inconsistent with the thermal expansion 
data presented by Shelby[8 ].
Further examination of published thermal expansion vs. concentration 
curves seem to imply that results obtained by this technique are heavily 
dependent upon the specimen preparation process. The minimum in the curve 
presented by Piguet and Shelby[l] appears to be sharper than for other 
data recently reported for the sodium borate binary system[9,10] and 
although it is  in agreement with some more comprehensive results from 
alkali borate glasses in general!8 ] ,  it is broader in turn than other 
published r e s u l t s [ l l ] .  A p o ss ib le  explanation fo r the observed 
differences in the width and depth of these minima may be due to the
varied melting times used in specimen preparation, which although
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ju st i f  ied f r o *  the point of view  of minimisation of p re fe ren tia l  
volatilisation of a given component, may imply the retention of water[9] 
which can significantly alter viscosity and thermal expansion behaviour. 
In addition, the above considerations should affect the Tg value*, however 
there appears to be no simple relationship between this parameter and 
melting temperature or time. Another more obvious reason for the 
discrepancy in the Tg values inferred from dilatometry reported by Piguet 
and She lby [l) and Boulos and K re id l[12 ] may be due to inaccurate 
thermocouple positioning in the event of a badly assessed thermal gradient 
within the dilatometer used for one of the sets of measurements. To this 
end, these Tg values have been compared with independently obtained 
viscosity re su lt s ^ ),  bearing in mind that Tg corresponds to a viscosity 
of 1011-10x* Poise (Mg point)(13J. Consistency with Piguet and Shelby's 
results was obtained, assuming that the viscosity had been measured in 
Poise, rather than Poiseuille. This variation in thermal expansion 
behaviour may be thought to indicate that quantitative data comparison 
performed in the work under discussion is invalid.
A somewhat tentative extension to the model presented above may also 
explain a previously-reported conductivity anomaly. I f  ionic conductivity 
is  thought to depend upon the ease of ion movement through the network, 
then it  may fu rther be re la ted  to the v ib ra t ion a l motion o f the 
"stationary* ions surrounding a given conduction pathway, which in turn
*This may also arise from residual stresses within the g lasses[14 ], 
bringing the thermal history of the specimens into question, with the 
chosen "anneal" presumably being a fine balance between strain re lie f and
nucleation.
-6-
w ill be affected by the network distortion. Therefor«, i f  this argument 
is valid, then a conductivity minimum w ill exist at ~22aol%, and a corres­
ponding maximum at ~50aol% modifier. Martin and Angell[15] recently 
reported a conductivity aaxiaum in sodium aluainoborate glasses of general 
composition xNa20. (1-x ) (0 .87B2O3 . 0 .I 3AI2O3 ) . I f  we assume the aluminium 
atom to be 4-coordinated it w ill require the presence of a fixed sodium 
ion to preserve electroneutrality[13] and may be considered to be removing 
aodifier froa the borate network. Their data may then be reduced to 
obtain the effect of ionic conduction purely within the residual borate 
network. The reported maximum is at -SOmolt sodium oxide, which when 
converted to the borate network alone, reduces to an equ iva len t  
composition 50Na20. 50B203, in excellent agreement with that predicted.
Unfortunately, it  would appear that glasses of low soda content 
could not be formed in a condition amenable to production of good 
conductivity specimens and so the position of the associated minimum 
cannot be verified . However, Tg values for glasses having a lower soda 
content have previously been reported by the same authors [16], which may 
be reduced in a similar manner to verify the in it ia l assusqption, and 
further test the implications of our model.
A simplistic view of viscosity (o f which Tg may be deemed a measure 
in a naive interpretation) is of ions "slipping" over each other under the 
influence o f an applied shear fo rc e . As such, a measure of the 
interatomic bond strength might be obtained from the width and depth of 
the potential well presented in the thersMl expansion argument. That is to 
say, a deep and narrow potential w e ll would imply a high viscosity  
material. Taking the thermal expansion analogue s t i l l  further leads us to 
the conclusion that a high viscosity would be observed in a borate glass
■7-
having a low thermal expansion coefficient. This aspect of the model, 
however, has not been researched in detail. I f  the above tenuous link is 
va lid , then a viscosity maximum corresponds to a thermal expansion 
minimum, i.e . at -22mol% modifier. Similarly a viscosity minimum would be 
expected at -50mol% modifier.
Taking the maximum and minimum (the latter ia s t i l l  more tenuous, 
since the earlier Tg data [16] would not seem to imply a local minimum but 
a shoulder be fore  decreasing s t i l l  fu rth e r ) Tg values then, the 
corresponding soda concentrations are respectively -25 and - 68mol%. 
Reducing these values as outlined above gives corrected values of -19 and 
-70mol%. Whilst the fir s t  value is  in reasonable agreement with our 
postulate, the latter is obviously quite unacceptable. Any further 
qualitative structural inferences to explain this discrepancy are, we 
fee l, at this time, of l i t t le  in trinsic  value.
As one further point, returning to the work of Piguet and Shelby, 
the structure of the crystalline analogues of the sodium and s ilver borate 
systems has previously been reported by Krogh-Moe [17-19], thereby adding 
weight to their argument of a sodium-silver analogy by virtue of the 
structural group analogue employed in many of the indirect inferences made 
in the determination of glass structure.
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Figure 4
Glass molar volumes derived from density data in the 
lite ra tu re  indicated, as a function o f modifier 
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Variation o f (the r a t io  o f 4-coordinated boron to  t o t a l  
boron) with concentration o f modifier in  x% R20 (100-x) % 
B203. The dotted lin e  corresponds to  the function x / ( l- x )  
(Bray and O’ Keefe [5 ]) and the dashed lin e  to the th e o re t i­
ca l f i t  by Bray e t  a l  [6] . The fu l l  lin e  is  a general 
Gaussian o f  the form Aexp[-B(x-C)2] . Values are as fo llow s  
A -  0.46, B -  20.0, C -  0.39.
A comparison o f observed molar volume variation  with concen 
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INTRODUCTION
The development of glasses for particular technological applications 
generally requires an understanding of the structure of the glass and its 
relation to corresponding crystalline materials. The various techniques 
developed for the study of oxide based glasses have been extended to the 
halide glasses with varying degrees of success in producing an understanding 
of the structural units involved. A relatively new technique is that of 
magic-angle-spinning (MAS) NMD. Static NMR has always been difficult to 
interpret for solids, particularly glasses, although excellent work has been 
carried out on borate systems, largely by Bray.il) Only certain nuclei are 
suitable tor nmr studies and, of these, s u m  present greater problems than 
others. The main parameters which control the ease of acquisition of data 
are isotopic abundance and relaxation time. The parameters which control the 
ease of Interpretation of data are; the range of chemical shifts, the 
linewidth. and line shape. We can subdivide those nuclei of interest to 
halide glasses as shown in Table 1. Prom the table, it can be seen that 
certain isotopes are of low natural abundance and require either isotopic 
enrichment <eg.170) or long acquisition times. Spin | nuclei may present 
problems of lack of efficient relaxation mechanisms. Ouadrupolar nuclei 
produce complex line shapes depending on size of the quadrupole moment and 
the asymmetry of the site occupied. If the resonances obtained are very 
broad, then the detailed information of various sites may be obscured by this 
width. The three major contributions to the line broadening are:- quadru- 
polar interactions for I > i: chemical shift anisotropy and dipolar 
broadening, where the local field at a nucleus is modified, from that 
applied, by the influence of neighbouring dipoles. In a solution, these 
broadening mechanisms are eliminated by the averaging nature of molecular 
motion. This can be mimicked for solids by rotating the sample at high speed 
about an axis oriented at S4.7° to the applied field - so-called ’magic angle 
spinning*.[2] The different chemical shifts corresponding to distortions of 
environment give additional broadening in a glass and this broadening cannot 
be eliminated by spinning. This paper aims to give examples of the 
application of this technique to halide containing glasses and to highlight 
some of the problems involved.
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FLUORIDE CLASSES
. in 
'a i.
Piinciple, observe « 11 th« nudai present 
, 23Na and l9F. All, aiccapt 19F, have «pin 
considerable quadrupolar broadening of the
lineanape. This will ba particularly so for low symmetry anvironaants, and 
roblaa which incraasas with atoaic number.
fluorides are generally quite broad <-15kHz); any variation from crystal­
linity can broaden the linewidth even further. Consequently, the broad 
static spactrua froa a glass cannot be narrowed siaply by spinning. We are 
investigating the use of aultiple pulse sequences to reduce the residual 
broadening. Table 2 lists some values for static linewidths measured at 
15MHz for soae crystalline and glassy fluorides. It should be noted that the 
values for the glasses are large enough to indicate the presence of two or
^ B a  static linewidth (FWHM) in BaF2 at 40MHz are found to be S90Hz and 1100 
Hz respectively. MAS of BaF2 effectively narrows the 137Ba line to 
260Hz.[rig.1). However, the barium line in glass is likely to be much 
broader than in B«F2 due to the range of site distortions present.
— and LZ>1■ Usually both 23Na and 27A1 nuclei give rise to broad 
featureless resonance lines in glasses. Fig. 2 shows a scries of 23Na and 
27A1 MAS spectra following heat treatments of ZBLAN glass at 31S°C and 416°C. 
In 23Na spectra, it is seen that on heating the glass to 416°C, the FWHM 
linewidth is reduced by 40%. This indicates that the Na environment has 
become more symmetric and that it may be present in the crystallised phase. 
In addition, the resonance shifts by approximately 4ppm froa -21.9 to 
-17.7ppm (wrt dilute aqueous NaCl) i.e. towards the resonance position of NaF 
indicating that Na may be octahedrally coordinated by F in the crystallised 
phase. In 27A1 spectra, chemical shift and linewidth remain unchanged on 
heat treatment and indicate that either 27A1 site is very distorted in these 
materials or that A1 is not present in the crystallised phase. The 27A1 peak 
position of -9.3ppm (from A1(H20)63’ ) is characteristic of octahedral 
coordination.
HALOBORATE CLASS-CERAMIC, FAST-ION CONDUCTORS
II certain alkali borate glasses are doped with metal halides they 
become capable of producing glass-ceramics with unexpectedly high ionic 
conduction. Some systems give 3 orders of magnitude increase in conduction 
on devitrification. The mechanism of the increased conductivity is not well 
understood. SEM charging has shown that one of the crystal phases appears to 
provide the major conduction path but more evidence is required before it is 
possible to tailor compoaitions to optimise conduction. 23lla has been 
studied by MAS-NMR in borax ♦ NaCl glasses and glass-ceramics to obtain 
additional information about the site occupancy of Na* (the mobile ion) in 
these materials. Fig. 3 shows the 23Ha spectra for glassy borax (Na2B«<>7 ) 
and for borax doped with 30 mole % NaCl. The spectra are very similar being 
centred at -9ppm and very broad -3Sppa. Fig. 4 shows the 23Na spectra froa
~~r. High resolution spectra of 
Yonemar i.[3 ] It is found that
l9F in quartz glass have been reported by 
19F resonance linewidths in crystalline
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tha devitr1 f led aatarlals where now distinct differences can be observed. 
The complexity of the spectrum fro« crystalline borax arises because there 
are 4 crystalloqraphically distinct Na sites all of which have low symmetry 
giving rise to complex quadrupole line shapes. The glass ceraaics produced 
froa 70 borax 30 NaCI gives a siapler spectrua in which three sites are 
apparent:- site I - a highly syaaetric site at *6ppm which is typical of an 
octahedral site (e.g. Had *8ppm); site 11 at -1.7ppa: and site III at - 
-9ppa. The questions now to be answered are (a) which sites are responsible 
for high conductivity and (b) are the properties and site syaaetries a result 
of the extra sodiua ion concentration or does the presence of chlorine play a 
vital role? To assess this, various sodiua oxide doped glasses were prepared 
e.g. 70 borax 30 Na20 and 70 borax 15 Ha20 to siaulate equivalent anion 
doping and equivalent cation doping respectively. The 23Na spectra of the 
devitrified glasses are shown in rig. 5. Neither spectrua shows site I or 
site III resonances, nor do they resemble the borax spectrua. The site II 
resonance is present. Sodiua oxide doped glass-ceraaics do not possess 
fast-ion conduction properties. Thus we can conclude that that Ha* in one or 
both of
site I and site III are responsible for high conduction and chlorine plays an 
important part in the creation of these sites.
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TABLE I NMF pa—
Nucleus Spin
(X)
Abundance
(*>
Sensitivity 
(rei. 'H)
Cheaical Shift 
Range ( ppa )
Ouadrupole 
Ho— nt io*2«.
Abundant
* 100 0.83 -250 to 550 -
Dilute 
spin i 
2oiPb * 22.6 2.07 10"3 -5850 to 4550
Ouadrupole
27A1
23n.
I’o
” c i
37C1
»ir135ga
l37«a13*La
ja
2
2 
y 2
100
100
3.7 10"2 
75.53 
24.47
6.59
11.32
99.9
0.21
9.25 10*2 
1.08 10'5 
3.55 10'3 
6.63 10*4 
1.06 10'3 
3.23 10"4 
7.76 10"4 
5.91 10-2
-225 to 220 
-170 to 150 
-56 to 1598 
-1050 to 80
- 1 8 to 12
0.15
0.1
-2.6 10"2 
-0.1
-0.21
0.18
0.28
0.22
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PPM  (arbitrary)
* spinning side ba n d s
Fig 1 135Ba and 13% a IsMR spectra of Baf|

OF SOME HALIDE CONTAINING GLASSES 153
Fig. 3 23 Na spectra of glasses
(w.r.t. dilute aq. NaCl)
(w.r.t. dilute aq. NaCI)
NMR OF SOME HALIDE CONTAINING GLASSES 155
BO LO 0 - 4 0  -80
Chemical Shift (ppm) 
(w .r.t. dilute aq. NaCl)
